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Abstract

:

The paper presents a mathematical modeling approach to determine the permanent regime temperature of an electric contact found in the supply system of the railway electric traction. Mathematical modeling is a basic procedure in the preliminary determination of parameters of interest in various fields of scientific analysis. The numerical modeling method used for determining the electric contact temperature represents the base for developing a finite-element thermal model. The simulation of the electric contact was verified by an experimental infrared investigation of an electric contact realized on a realistic laboratory setup. The results interpretation reveals a good synchronization between the calculated, simulated and measured temperatures.
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1. Introduction


In order to perform the diagnosis of the technical condition of an electrical equipment, it is also necessary to know its thermal stresses. The degree of thermal stress has a direct influence on technical and economic aspects and implicitly on the maintenance of electrical equipment. Excessive heating (hyperthermia) endangers the proper functioning of the equipment and shortens its service life (operation), and too low heating (hypothermia) leads to an oversized construction, economically unreasonable [1,2,3].



The supervision of temperature in the case of equipment in operation is difficult to achieve. Currently, the supervision of the temperature of the equipment within the power system (equipment in substations and substations) is mostly carried out occasionally. Surveillance installations from the simplest to the most complicated are based on the detection of infrared radiation emitted by warmer bodies [4,5]. By directly viewing the supervised equipment, the warmest points on the current path are detected. In this way, the places where it is necessary to be intervened to restore the contact links are determinate. In this case, it becomes necessary to move the monitored equipment in to the area where these thermal imaging can be properly taken, which sometimes is difficult to achieve [6].



In the electrical equipment under operation, heat is permanently developed, due to the transformation of a part of the electromagnetic energy into thermal energy, at the level of different constructive elements [7]. In normal operating mode, the temperatures of the different constructive parts of it increase over time until the values corresponding to the stationary thermal regime are reached. At this point all the heat released in the equipment is given to the environment as a result of the heat released in the equipment [8,9]. In the case of the heating regimes produced by the short circuit currents, the thermal process can be considered adiabatic, so the entire thermal energy released is leading to increasing the electrical equipment constructive elements temperatures towards high values [10].



In order to guarantee the electrical equipment proper operation in terms of temperature, the standards impose (depending on the materials used and the operating conditions) certain maximum permissible limits, both for the stationary temperatures and for the short-term regime ones [11].



The use of mathematical modeling to determine or anticipate certain parameters that denote the technical condition of the devices is common in the industry. In Table 1, some of the applications based on mathematical modeling are centralized.



In [22], the authors presented a calculation mathematical model for electromotive force, respectively magnetomotive force with the aim of presenting a novel skew angle for reducing the 17th harmonic, which had the biggest magnitude among the harmonics according to their research. Moreover, a prediction model of hot spot temperature for split-windings electric traction transformer was also modeling by mathematical determination and applied in simulation according to the authors of [23]. As stated in literature, mathematical modulation helps also in determination of thermal and electrical performance in high-voltage power modules as in [24] scientific research of nonmetallic additively manufactured impingement coolers.



Transient thermal effects are presenting a high point of interest in domain of railway traction motors, as presented in [25] the authors propose a mathematical model for heat transfer from the end winding to the air, which did simulate it in finite element software and then did validate it by experimental setup and temperature measurements performed in laboratory.



In this article, it is proposed the modeling by mathematical calculation, the simulation with the use of FEM (finite element analysis) software, as well as the validation by infrared monitoring of the electrical contacts temperature evolution. The electrical contact is part of the return circuit of railway electric traction power supply system. For this, the temperature of the electrical contacts belonging to an electrical equipment (impedance bond) are modeled by mathematical calculation, and then is a study performed by COMSOL Multiphysics version 5.6 software environment for the electric contacts heating transitional regimes, in 4 connection configurations. By performing infrared monitoring during laboratory tests, the validation of calculations and simulation was performed.



The main purpose of the article is to highlight the importance of mathematical modeling when it is necessary to anticipate temperature evolution in the constructive elements passed thru by electric currents. The main difference compared to other studies [26,27,28,29] is represented by the approach adopted in order to equivalate mathematical modeling with FEM simulation. The article’s aim is to provide mathematical modeling of temperature evolution within electrical contacts and to transpose this into a FEM analysis model which can be further used in estimating temperature for different values of currents passed thru. As the state of the art [30,31] in regard to mathematics applied in industry temperature anticipation, and also validated by means of infrared investigation [31], the present article provides particular mathematical equations applied in electrical installation in order to calculate, simulate the temperature evolution for a specific electrical application from the return circuit of railway electric traction. Validation experiment conducted by infrared investigations refers to a portion of the power supply system return circuit of electric traction which uses a single-phase current with a frequency of 50 Hz and a voltage of 25 kV, specific for Romanian railway electric traction. This portion of the power supply system return circuit focuses on the electrical contact between impedance bond and connection conductors to the railway rails.




2. Mathematic Determination θ of Electrical Contact Temperature


The temperature of an electrical equipment is determined by the ambient temperature θa (of the place where it is located), to which is added the temperature increase due to the heating of the equipment by electrocaloric effect ϑ (named overtemperature):


  θ = ϑ   +  θ a  .  



(1)







The main sources of heat in electrical equipment are especially conductors traveled by electric current and iron cores crossed by the magnetic flux variable over time. In the case of switching equipment, we will consider that the development of heat occurs in the current pathways by electrocaloric effect.



Transient temperature of electrical equipment occurs due to the change in their operating states. Among the most characteristic transient requests of the electrical equipment, related to their working regime, we mention: the process of heating the equipment during the supply from the network, until the stationary thermal regime is reached; the process of cooling after disconnection from the network; the process of heating at short load; the process of heating at periodic intermittent regime; the process of heating at short circuit regime [32].



Transient thermal stress may also occur due to internal heat sources, related to the normal operation of the equipment or in case of damage (the occurrence of the electric arc between the contacts or in the case of a damage through the contouring arch, hot gases and vapors of molten metal etc.). In all the mentioned cases, the metallic or dielectric construction parts of the equipment will be highly thermally stressed, diminishing its reliability [32].



2.1. General Equation of Current Paths Temperature Evolution


General equation of current paths temperature evolution, has the expression [33]:


  p  (  x , t  )  = γ × c   ∂ θ   ∂ t   − λ    ∂    2   θ   ∂  x 2    +  α t   (  x , t  )     l  px      s x     (  θ −  θ a   )  ,  



(2)




where p (x, t) represents the specific power losses in the conductor, γ—the density of the material; c—the specific heat, λ—the thermal conductivity of the current path material, αt(x, t)—represents the overall thermal transmissivity; lpx—the perimeter of the cross-section sx of the current path.



For a homogeneous portion of a current path, having the section s and the perimeter of lp constants along the entire length, the Equation (2) becomes of the form:


  p  (  x , t  )  = γ × c   ∂ θ   ∂ t   − λ    ∂    2   θ   ∂  x 2    +  α t   (  x , t  )     l p   s   (  θ −  θ a   )  .  



(3)







By making the change of variable (1), the Equation (3) becomes:


  p  (  x , t  )  = γ × c   ∂ ϑ   ∂ t   − λ    ∂    2   ϑ   ∂  x 2    +  α t   (  x , t  )     l p   s  ϑ ,  



(4)




where ϑ (x, t) represents the overtemperature of the current path.



Solving this equation, taking into account all the factors that enter the thermal phenomena, involves great difficulties of calculation and in certain engineering applications, and this effort has no justification.



Furthermore, long term temperature evolution calculation is carried out on the basis of the following simplifying hypotheses: the conductive path is homogeneous, the global thermal transmissivity and the specific heat are considered invariable with the temperature, the temperature variation along the conductor is null, and the ambient temperature has a constant value. In these cases, the Equation (4) according to [34,35,36,37], become:


  p  (  x , t  )  =  ρ 0   [  1 +  α R   (  ϑ +  θ a   )   ]   J 2  ,      α t   (  x , t  )  =  α t  = const . ,          ∂ 2  θ   ∂  x 2    = 0 ,  



(5)







And will have a final form as:


   ρ 0   [  1 +  α R   (  ϑ +  θ a   )   ]   J 2  =  γ c    ∂ ϑ   ∂ t   +  α t     ℓ p   s  ϑ ,   ϑ  ( 0 )  =  ϑ 0  ,  



(6)




where ρ0—represents the resistivity of the conducting material at 0 °C; γ—the density of the conductive material at 0 °C;    α R   —the coefficient of variation of the resistivity with the temperature; J—the current density; c—the specific heat;    α t   —the global thermal transmissivity; ℓp—the length of the perimeter corresponding to the cross-section s;   ϑ  ( t )   —overtemperature of the conductive path.



If noted:


   ϑ p  =    ρ 0   J 2  s  (  1 +  α R   θ a   )     α t   ℓ p  −  ρ 0   J 2     s α   R    ,     T =    γ cs     α t   ℓ p  −  ρ 0   J 2     s α   R     



(7)







The differential Equation (6) is written as:


    d ϑ   dt   = −  ϑ T  +    ϑ p   T  ,   ϑ  ( 0 )  =  ϑ 0     



(8)







In the hypothesis of the critical value of the current density, given by the relation:


  J =  J  cr   =      α t   ℓ p     ρ 0   α R  s     ,  



(9)




for which the denominator of the expressions (7) is cancelled, Equation (8) becomes:


          d ϑ   dt   =    ρ 0   J  cr  2   (  1 +  α R   θ a   )     γ c    ,       ϑ  ( 0 )  =  ϑ 0       }   



(10)




and admits the solution:


  ϑ  ( t )  =    ρ 0   J  cr  2   (  1 +  α R   θ a   )  × t    γ c    +  ϑ 0  .  



(11)







In the hypothesis J ≠ Jcr, the differential Equation (5) has as its solution the expression:


  ϑ  ( t )  =  ϑ p   (  1 −  e  −  t T     )  +  ϑ 0   e  −  t T    ,  



(12)




where    ϑ p    and T, given by relation (7), represent the overtemperature of permanent regime, respectively the thermal time constant of the conductor.



It is known that if a system can be described mathematically, then it is possible to find a system of a different nature who’s its evolution is expressed by the same equation [8,32,38,39,40,41]. Thus, there is an opportunity to study thermal processes with a system of an electrical nature. At the same time, a simple and quite general method of analyzing the thermal field in an electrical equipment in a stationary thermal state can be analyzed in [42,43,44].




2.2. Temperature Evolution Determination of Conductive Paths with Different Cross-Sections


The stationary heating regime of the conductive paths is characterized by temperature invariable values in time. For the analysis of this regime, the general equations of thermal conduction, respectively of the temperature evolution of the conductive paths [44,45] are used. From the calculation point of view, the permanent regime can be approached in simplifying hypotheses, when the existence of an equalizing axial thermal flux is not taken into account or, in an understanding closer to reality, when the permanent regime is studied in the presence of this thermal flux.



In permanent mode, the axial thermal flow of heat transmission by conduction along a conductive path having a constant surface cross-section can be neglected, in general, if the length of the conductor is large enough or if it is provided at the ends with very good quality thermal insulation. Under these conditions, at permanent regime, the temperature along the conductive path is considered constant. From Equation (5) we obtain:


  ps =  α t   ℓ p   (  θ −  θ a   )  .  



(13)







Equation (13) emphasizes the fact that, in permanent mode, the heat released by electrocaloric effect in a conductor, without axial thermal flux, is fully transmitted to the environment. In order to determine the specific losses p, in alternating current it is necessary to consider the additional losses, which occur due to the pellicle and proximity effects [32,46]. In general, the specific losses in the volume of conductors can be calculated with the relation:


  p =  k p   ρ 0   (  1 +  α R  θ  )     (   I s   )   2  ,  



(14)




where the notations have the following meanings: kp—the coefficient of additional losses (kp = 1 in dc, kp > 1 in ac);    ρ 0   —the resistivity at 0 °C; αR—the thermal coefficient of the resistivity; I—the effective value of the intensity of the conduction current; s—the surface of the cross-section of the conductive path. Taking into account Equation (14), the thermal balance [47] equation takes the form:


   ρ 0   I 2   k p   (  1 +  α R  θ  )  =  α t   ℓ p  s  (  θ −  θ a   )  .  



(15)







If a conductive path traveled by the load current I = Is reaches, in permanent heating regime, the temperature of constant value θ = θp, then from (15) we obtain:


   θ p  =    ρ 0   k p   I s 2  +  α t   ℓ p     s θ   a     α t   ℓ p  s −  ρ 0   k p   α R   I s 2    .  



(16)







In the hypothesis θp = θad, with θad being the permissible temperature corresponding to the long-term thermal stress, from (15) results the expression of the permissible current intensity [32,48]:


   I  ad   =      α t   ℓ p  s  (   θ  ad   −  θ a   )     ρ 0   k p   (  1 +  α R   θ  ad    )      .  



(17)







The Equation (16) also allows the calculation of the cross-section of the conductive path surface dimensions, for specified values of the load current Is, respectively of the permanent regime temperature, which is θp < θad [32]. Thus, for an insulated conductive path with circular cross-section, Figure 1, with a diameter noted dc, it can be made the replacement with the following equivalent formulas:


  s =      π d   c 2   4  ,    ℓ p  =    π d   c  ,  



(18)




that from (17) the following is obtained:


   d c  =     4  ρ 0   k p   I s 2   (  1 +  α R   θ p   )     π 2   α t   (   θ p  −  θ a   )     3  .  



(19)







For the determination of temperature θc, from the conducting volume of an isolated current path (Figure 1), the following expression is used:


  q = − λ    d θ    dr   ,  



(20)




where q—is the density of the thermal flow; λ—the thermal conductivity of the insulating material.



Because of per unit of the conductive path length, the density of the radial heat transmission heat flow of is given by the relation:


  q =  P  2  π r    ,  



(21)




P being the radial thermal flux, the Equation (21) becomes of the form:


    dr  r  = −   2  π λ   P   d θ   



(22)




which, by integrating of the insulating layer thickness, leads to the solution:


   θ c  −  θ i  =  P  2  π λ    ln    d i     d c    ,  



(23)




where θc, θi are the temperatures in the volume of the conductor, respectively of the insulation, and dc, di- the diameters of the current path (Figure 1).



On the other hand, it can be written:


   θ i  −  θ a  =  P     π α   t   d i    ,  



(24)




θa, αt being the ambient temperature, respectively the thermal transmissivity to the outer surface of the current path. Taking into account the relations (23), (24), it is obtained:


   θ c  −  θ a  =  P π   (   1  2 λ   ln    d i     d c    +  1   α t   d i     )  .  



(25)







Taking into account the relations for the thermal flow P, considered per unit of the current path length, the relationship is established:


  P = p      π d   c 2   4  ,  



(26)




p—being the specific losses by electrocaloric effect in the conductor, given by relation (14); and from the relations (14), (24), (25), for the permanent regime temperature in the conductor’s volume, the expression is obtained:


   θ c  =   4  ρ 0   k p   R θ   I 2  +    π d   c 2   θ a       π d   c 2  − 4  α R   ρ 0   k p   R θ   I 2    ,  



(27)




where it was noted:


   R θ  =  1  2  π λ    ln    d i     d c    +  1     π α   t   d i    ,  



(28)




Rθ—representing the resulting thermal resistance, considered in the radial direction of heat transmission. The relations from (25), (26) allow the calculation of the permanent regime temperature corresponding to an isolated current path, crossed by a charge current, as well as the determination of the permissible current intensity; the same relationships can be used for the sizing of the current path, when the current load intensity and the permanent regime temperature are known.



In the case of conductors with rectangular section, Figure 2, imposing a value for the sides ratio, a/b = n, it results:


  b =      ρ 0   k p   I s 2   (  1 +  α R   θ p   )    2 n  (  n + 1  )   α t   (   θ p  −  θ a   )     3  ,     a = nb .  











For the current path rectangular cross-section, the calculation of the permanent regime temperature is performed in the simplifying hypotheses according to which it is constant in the volume of the conductor, and on the current path outer surface being considered constants the density of the heat exchange thermal flow, respectively the global thermal transmissivity. On either of the two perpendicular directions of heat transmission by conduction in the insulating layer, the Equation (20) is written as:


  q = − λ    d θ    dn   ,  



(29)




and by integrating on the insulation thickness g, it is obtained:


  qg = − λ  (   θ i  −  θ c   )  ,  



(30)




where it is results:


   θ c  −  θ i  =   qg  λ  ,  



(31)




θc, θi—being the temperatures of the conductor, respectively of the insulation; and λ—the thermal conductivity of the insulation. Newton’s relationship, considered on the outer surface of the insulation, is in the form of:


   θ i  −  θ a  =  q   α t    ,  



(32)




where θa is the environment temperature. On the basis of Equations (28) and (29) it is obtained:


   θ c  −  θ a  = q  (   g λ  +  1   α t     )  .  



(33)







If P represents the thermal flux per unit over the conductor length, for the density of heat flow the relationship can be written as:


  q =  P  2  (  a + b  )    =   pab   2  (  a + b  )    ;  



(34)




and taking into account (14), for the heat flow density shall be finally obtained the following equation:


  q =    ρ 0   k p   I 2   (  1 +  α R   θ c   )    2 ab  (  a + b  )    .  



(35)







The relations (33), (35) lead to the permanent regime temperature θc, defined by the expression:


   θ c  =    ρ 0   k p   I 2  + 2    ab Λ θ   a    2  ab Λ  −  α R   ρ 0   k p   I 2    ,  



(36)




where it was noted:


  Λ =   a + b    g λ  +  1   α t      .  



(37)







The Equations (36) and (37) allow similar determinations to those in the case of circular cross-section current path.



The temperature evolution of the conductive paths, uninsulated or insulated, from the return circuit of the railway electric traction supply system (with circular or rectangular section) can be determined by applying the previous models.




2.3. Electrical Contacts Temperature Evolution Determination


2.3.1. Contact Resistance General Aspects


Electrical contacts are constructive elements of the current paths consisting of metal parts by touching which the electrical conduction is obtained.



Touching the contact parts is performed under the action of a force Fc, named contact force, usually produced by means of mechanical devices (pre-tensioned springs).



The presence of an electrical contact on a current path always introduces an additional passing resistance, called contact resistance, Rc [40].



The existence of contact resistance is explained on account of two processes that are highlighted at the level of contact: the restriction of the current lines and the covering of the contact surfaces with disturbing films [40].



It is thus considered that the contact resistance has two components, the stricture resistance, Rs, respectively the pellicular resistance, Rp [40].



Regardless of the contact surfaces roughness, their touch can only take place in a finite number of points, Figure 3a; under these conditions, the actual contact surface, Ac, always results in much smaller than the apparent contact surface, dependent on the geometric dimensions of the parts [40].



The actual contact surface, Ac [m2], can be calculated with the relation given by Holm:


   A c  =    F c    ξ ⋅ H   =      n π a   2  ,  



(38)




where Fc [N]—is the contact force; H [N/m2]—hardness of the contact material; n—the number of contact microsurfaces; a [m]—the radius of a microsurface considered circular, ξ < 1—the coefficient of hardness H correction, having lower values in the case of contact peaks than those determined macroscopically [40].



For finger point contacts, Figure 3b, the actual contact area is calculated with the relation:


   A c  =    F c   H  =      π a   2  .  



(39)







The hardness H of the contacts is of the same nature as the Brinell hardness, but of different values [47], in the case of electrical contacts it is generally lower [48]; for these reasons, the hardness H can be successfully replaced in the calculations by the contact material crushing resistance, σp [N/m2] [40].



From the above it is concluded that the stricture resistance is a consequence of the discontinuity of the transverse surface of the current path in the area of the electrical contact.



The stricture resistance, Rs [Ω], for a finger point contact is determined on the infinite conductivity sphere model theory basis, respectively of the elliptical contact microsurface model [4,49], being given by the relations:


   R s  =  {        ρ    π a    ,   for   sphere   model ,           ρ   2 a   ,    for   elliptical   model ,         



(40)




where ρ [Ωm]—is the resistivity of the contact material; a [m]—the radius of the contact microsurface.



According to the sphere of infinite conductivity model, it is considered that between two metal parts 1, 2, (Figure 4a), having the resistivity ρ ≠ 0, the elementary electrical contact is made by means of a sphere, having the radius a and the resistivity is null. In these conditions, in the contact place area, the current lines are radial, and the equipotential surfaces are spheres, concentric with the contact sphere.



In the case of the elliptical contact microsurface model, the contact surface between the metal parts 1, 2 (Figure 4b), is considered to be made after an ellipse of semi axes marked with a, b; thus, the current lines are oriented by the geodesic curves at the surfaces of the hyperboloids with a single canvas, which have as curves the necklace ellipses confocal with the contact ellipse, and the equipotential surfaces being ellipsoids, also confocal with this ellipse.



Regardless of the model used, for the calculation of the stricture resistance, a process based on the duality existing between the relations that characterize the electrostatic field in vacuum and the stationary electric field of the continuous currents, used in a conductive environment.



The pellicular resistance, Rp, is highlighted as a result of the disturbing films formation over the contact surfaces, which have semiconductor properties. The chemical composition and thickness of the disturbing film depend on the nature of the contact material; the operating temperatures; as well as the chemical composition of the environment in which the electrical contacts operate.



The pellicular resistance, Rp [Ω], can be calculated with a relationship of the form:


   R p  =    R  po      A c    ,  



(41)




where Rpo [Ωm2]—is the specific superficial resistance; and Ac [m2]—the actual contact surface.



In the ordinary design practice, the calculation of electrical contacts is performed taking into account only the stricture resistance; corrections shall be introduced also the pellicular resistance, will be made by means of the following equation:


   R c  =  R s  +  R p  .  



(42)







Taking into account (39)–(41), for a contact with n touch points, in the calculation of which the spherical model of the contact microsurface is adopted, the Equation (42) becomes of the form:


   R c  =     ρ    n π a      +      R  po        n π a   2    .  



(43)







In the case of finger point contact, the radius of the circular contact microsurface is calculated with the relation (39), from which results:


  a =      F c     π H      ;  



(44)




and substituting (38) in (40), it will be obtained:


   R s  =    H     π F   c      .  



(45)







The relationship (44) highlights the fact that an electrical contact can be assimilated to a portion of the current path, having the electrical resistance dependent on the values of the pressing force Fc [40].



For a contact with n points of touch, by excluding the parameter a from the Equations (38) and (43), it is obtained:


   R c  =      ξ H       π nF   c        +      R  po    ξ H     F c    .  



(46)







For the contact resistance determination in the case of contacts made by metallic coatings, the resistivity of the base material and the hardness of the material used for coating are considered according to [4].



In the calculation of electrical contacts, the relationship (43) is usually considered in the restricted form as:


   R c  =   cF  c  − m     +     eF  c  − 1   ,  



(47)




the values of the parameters c, m, e being determined by experimental means.



In Table 2 there are given the values of the parameters c and e, according to [4,50], for other parameters is adopted m = 0.6, Rpo = 10−12 [Ω m2], ξ = 0.45, according to [50].




2.3.2. Modelling Electrical Contacts Permanent Heating Regime


Any electrical contact closed and passed by current is the seat of electrocaloric transformations, produced by the Joule–Lenz effect.



It is considered a fixed contact, passed by the current of mi intensity, where m is the number of current tubes that run through the contact surface. In Figure 5 are represented such tubes, which approximate each (in the plane of the contact surface) the area sc. Current passage is characterized by the equipotential and, at the same time, isothermal sx surface; on the surface of the sc is recorded (in permanent heating regime) the temperature θc. The voltage drop on the contact piece is measured along the current tube, in relation to the contact surface voltage, which is considered null, uc (0) = 0.



If it is considered that there is no caloric exchange between the current tubes, the thermal flows of heat transmission by conduction being directed only along them, for the thermal flow Px, corresponding to an isothermal sx surface, according to Fourier’s law, the expression results:


   P x  = −    λ s   x     d θ    dx   ,  



(48)







The Px thermal flow can be written successively in the forms of:


   P x  =   EJxs  x  =    u c   s x   ρ      du  c    dx   .  



(49)







Relations (48), (49) lead to the equation:


   u c    du  c  = −  λ ρ d θ  .  



(50)







In the hypothesis that the temperature of permanent regime θc, on the contact surface, slightly exceeds the temperature θp, recorded at a point sufficiently far from the contact area of the current path, θc − θp = 5 ÷ 10 °C, the Equation (50) is, and also is considering the multiplication between λρ to be its constant average value, (λρ)med. Through integration, the relation of Kohlrausch results, written in the form of:


    ∫  0   u c     u c    du  c  = −    (   λ ρ   )    med     ∫    θ c   θ   d θ  ,  



(51)




or rewrite it as:


   θ c  − θ =    u c 2    2    (   λ ρ   )    med     .  



(52)







For a point of the current path, sufficiently far from the contact, characterized by the permanent regime temperature θp and the voltage drop over contact surface is half of the voltage drop over entire contact, uc = 0.5 Uc, the relation (52) becomes of the form:


   θ c  −  θ p  =    U c 2    8   (  λ ρ  )   med     ,  



(53)




where Uc—being the voltage drop on the entire contact; θ c-temperature of the contact surface permanent regime.



If temperature θc has values close to the melting point of the contact metal, the equation (50) is integrated into the hypothesis of Wiedemann-Franz-Lorenz law:


   λ ρ  = LT ,  



(54)




where λ, ρ—represents the thermal conductivity, respectively the resistivity of the contact parts metal; T—their absolute temperature, and L = 2.4 × 10−8        (   V K   )   2    lorenz number for metals. Because dθ = dT, from (50) it is obtained:


    ∫  0   u c     u c    du  c  = − L   ∫    T c   T  TdT  



(55)




or rewrite as:


   u c 2  = L  (   T c 2  −  T 2   )  ,  



(56)




where Tc—being the contact surface temperature.



For an equipotential (isothermal) surface, located at a sufficiently far distance from the contact surface (x → ∞, as in Figure 5), and also considering T = TP, uc = 0.5 Uc, the relation (56) becomes of the form:


   T c  =      U c 2    4 L   +  T p 2    .  



(57)







The relation (57) allows the calculation of the permanent regime temperature, Tc, of the contact surface, when the values of the voltage drop on the contact, UC, (which can be easily measured) and the permanent regime temperature TP corresponding to a point of the current path (sufficiently distant from the contact surface) are known.



The permanent heating regime is verified by the relation:


   T c  − 273 , 15 ≤  θ  ad  c  ,  



(58)




where Tc—is the contact surface temperature, calculated with relation (57); and    θ  ad  c     —the maximum admissible temperature corresponding to the long-term thermal stress.



For the most common types of contacts, in Table 3 are listed their values.



For the determination of the apparent contact surfaces, in the calculations are used values of the maximum admissible current density, Jad, which is usually determined by experimental means.



Thus, for copper contacts, it can be considered the followings reference values [4,50]:


   J  ad   =  {      0.31    [   A    mm  2     ]  ,     for     I ≤ 200    [ A ]  ,       0.31 ÷ 1.05 ⋅   10   − 4    (  I − 200  )   [   A    mm  2     ]  ,   for     200 < I ≤ 2000  [ A ]  ,       0.12    [   A    mm  2     ]  ,     for       I > 2000    [ A ]  .        



(59)










3. Experimental Results and Discussion


3.1. Case study Premises-Experimental Setup


In order to implement and validate the mathematical models presented in the previous section, an experiment was carried out in the laboratory to analyze the temperature evolution of an electrical contacts found in the connection configuration of an impedance bond, which is found in the return circuit of the electric traction electricity supply system.



In Figure 6 is presented an image of a jot coil connected by connecting ropes to two running rails and the contact areas that appear between them.



The purpose of the experiment is to determine the temperature evolution of the terminal assembly of the impedance bond and conductor/connecting conductors (connection rope) for different connection modes (4 cases). To perform mathematical calculations of temperature evolution, it is necessary to correctly define the input data. Thus, it is considered a copper bar with a rectangular cross-section, having dimensions 30 × 8 × 100 [mm], which represents one of the three connecting terminals (T1, T2, T3) of a classic impedance bond [10]. On this terminal is connected, by means of a titanium screw size M8, one or two connecting conductors (made of steel or copper) which have a copper slipper mounted at the ends. The mechanical tightening between the bar and the connection rope was carried out with a torque wrench, at value of 30 [Nm].



For the definition of the analysis cases, the following ways of connecting the terminal of the impedance bond and the railway rail were considered:




	
Connection by means of a copper connecting conductor. Its length is 0.65 [m], and the cross section is 50 [mm2]. The copper slippers at the ends of the connecting conductor have a diameter of d1 = 8 [mm], and the diameter d2 = 12 [mm], according to the standards, Figure 7 [10];



	
Connection by means of a steel connecting conductor. Its length is also 0.65 [m], but for this case the cross section is 78 [mm2]. The copper slippers at the ends of the connecting conductor have a diameter of d1 = 10 mm, and the diameter d2 = 12 mm, from Figure 7



	
Connection by means of two connecting conductors made of steel. The dimensions of the conductors and slippers are the same as those defined for the second case



	
Connection by means of two connecting conductors made of steel, having the particularity that one of the connecting conductors is not connected to the end from the railway rail. The dimensions for the connecting conductors and slippers are the same as those defined for the second case.








For each connection mode, the temperature evolution was studied at 3600 s from the moment of establishing the current through the circuit. For this purpose, it was considered to be transited through the assembly consisting of the impedance bond terminal and connection conductor a current of 100 [A]. Assembly was positioned in the ambient environment (air) at an ambient temperature of    θ a  = 20    [  ° C  ]   . For the material convection coefficient of thermal transmission, the value of 12 W/m2 °C was used, and for the thermal conductivity the value of 400 [W/m K] for copper and 40 [W/m K] for steel.



The value of the tightening torque in the contact was 30 [Nm], and for the hardness of the material was considered the value of 110 × 107 [N/m2], specific to copper [10].



For each individual case, the calculated assembly has been defined as being mechanically fixed at both ends, this being essential in the study of temperature evolution because due to the current transit through the current path mechanical changes also occur, and convergence to a solution requires this. The mechanical force of attachment being much higher than the contact force, having the value of 107 [N].



Being known the geometric dimensions of the assembly for each case, respectively of the current conductive path, the maximum overtemperatures (permanent regime) were calculated, for the contact area, with the relation:


   ϑ p  =    k s     ρ I    nb  2     (  a + b  )     ab α   t    ,  



(60)




where: a and b—represent the dimensions of the contact section; Inb—nominal current (100 [A]); ρ—the electrical resistivity of copper (1.6 × 10−8 [Ωm]), ks—coefficient of additional losses (1.05 ÷ 1.5) due to the proximity effect and contribution of the contact resistance as well as other thermal sources; αt—the global coefficient of heat transmission (which had values between 8 ÷ 12 [W/m2 °C]).



The temperatures of the contact areas      θ C    were determined with the relation (57):


   θ C  =  T c  =      U c 2    4 L   +  T p 2    ,  



(61)




where the Uc voltage drop on the contact was measured for each case of connection with the Fluke P420 multimeter, and TP was measured as 21 [°C] = 294.15 K.



The temperatures of the contact areas      θ C    were verified with the relation:


   θ C  =  ϑ p  +  θ a   



(62)







The thermal time constants T in the contact area, for each connection assembly separately, were calculated with the relation:


  T =   mc    α t  S −  R 0   I 2   α R    ≅   mc    α t  S   ,  



(63)




where: m—represents the mass of electrical contact; S—heat-exchange surface; c—specific heat.



For each mode of connection, considering that the resistivity does not change with the temperature, under the most unfavorable conditions, the following values: of the permanent regime overtemperatures; the overtemperatures determined at 3600 s; the electrical contacts temperatures; respectively for the thermal time constants and were listed in Table 4.



Figure 8 represents the heating curves of the contact areas corresponding to each connection mode, determined by relations (1) and (12).



From the analysis of how the temperature evolves for each case, Figure 8, it is noticed that for the first case the permanent regime temperature is stabilized around 27.85 [°C]. For the other cases analyzed, it is observed that the value of the permanent regime temperature of the 1st case, did result a value closest to that of the 3rd case, when the temperature reaches the value of 31.06 [°C]. In the second and fourth cases the temperature in the contact zone will be higher, stabilized at 37.25 [°C] for the 2nd case and 36.06 [°C] respectively for the 4th one.



The differences in thermal time constants can be explained on account of the change in the mass and the heat-exchange surface, since the slipper of the steel connecting conductor rope is bigger than the one made of the copper. The main reason for copper conductor replacement with steel ones is in regard to vandalism avoiding and economical savings.




3.2. Performing the Simulation of Temperature Evolution


Further on, in order to simulate the connecting conductors’ temperature across the terminals of an impedance bond and the railway rails, by the use of COMSOL Multiphysics, version 5.6, finite element software.



The practical use of such a computer program involves the following steps:




	
The preliminary settings selection: is achieved by choosing the way of defining the working conditions, the spatial dimension in which the study is intended to be carried out and the physical processes that are to be analyzed



	
Definition of parameters and variables—for the analysis of the connecting conductors’ temperature evolution with different connection modes where defined parameters and variables for the 4 cases which were considered



	
Geometric shape realization at scale by corresponding to each studied component. The computer program used allows the deactivation of some geometrical elements, thus being able to ignore certain parts of the structure of the studied components, Figure 9








	
Definition of material parameters. The simulation software environment has a library of materials that includes the vast majority of materials used in electrical engineering, but also allows the definition of new materials. Table 5 is centralizing the considered material properties.






	
Definition of boundary conditions. At this stage, the boundary conditions between the structural elements of the models and the environment in which they are located are established. For the connection modes of the impedance bond terminal and the current conductive path, border conditions have been defined for the electrical, thermal and mechanical properties. In order to maintain fixed positions of some constructive part of the models, throughout the simulation, the mechanical properties at their borders were defined. In order to obtain a convergent solution for the simulation were necessary to be de-fined fixed constrain for both ends of the models. Next, the border electrical properties, at the level of the contact surfaces, for an alternating current with a frequency of 50 Hz, having the value of 100 A, were defined. According to the electrical parameters defined, in the simulation, were considered as thermal input the power density. The border conditions for the thermal properties defined for the analyzed cases consisted in defining the surfaces that yield the heat flow, respectively those that are thermally insulated and declaring the value of the ambient temperature. In the case of thermal contact, the definition of the boundary conditions has been declared on the contact surfaces as in the case of electrical ones, adopting the sphere model. These border conditions cannot be fully in accordance with the system that is intended to be simulated, then approximations of the simulated models are required.



	
Discretization of the model structural elements. The analysis of a models (as illustrated in Figure 9d,e) assumes a structure that can be divided into more or fewer nodes and elementary volumes. Vertices represent connecting points that maintain infinitesimal volumes in a unitary whole. For high precision, it is necessary to make it as smooth as possible, but this will make it difficult to achieve a convergence solution. For the proposed models was used “Free Tetrahedral” mesh type, which used 2,965,219 number of element (plus 95,042 internal DOFs). Thus, depending on the type of problem and the field of analysis, the most appropriate method of discretization must be defined in terms of the resources available. For several types of finite elements, at the border between them, continuity must be ensured, therefore, the transition from an area with fine discretization to one with less fine discretization, must be done progressively, not suddenly.



	
Compilation of the model. At this stage, the effective numerical solution of the defined model will be achieved. The convergence of the solution is influenced by the size and number of finite elements, as well as the type of discretization chosen. The greater the number of infinitesimal elements, the closer the result gets to the real solution.



	
Processing and interpretation of results. This last stage represents the phase of centralization of the results in tabular or graphic form. Thus, at this stage, it is possible to adjust the display of the results according to the ranges of interest, and it is also allowed to evaluate and comment on them.






By means of the simulation program using the finite elements analysis method, the temperature evolution was determined in the 4 connection modes specified above.



3.2.1. Case 1


In the first case scenario, it was considered that the connection between the terminal of the impedance bond and the railway rail is made by means of a copper connecting conductor that has at both ends a copper slipper. The tightening between the connecting conductor and the impedance bond terminal was made by a screw, according to Figure 9a. The screw tightening torque was 30 [Nm] and was equivalate in FEM as contact pressure defined by user, according to the cable connection standards in the electrical power installations [42].



Figure 10 shows the graphic image, generated by simulation, of the assembly considered in this case, from which it can be seen that the highest temperature value is recorded on the contact surface, the area corresponding to the overlap of the two components of the conductive path and is 27.3 [°C]. This is due to the additional presence of contact resistance (the electrical contact presence on the conductive path), which causes the temperature in this area to rise by about 7.3 [°C] from the ambient temperature at 3600 s. The value of the simulated overtemperature, compared to that obtained by calculations, Table 4, results in a difference lower by 0.41 [°C], which is due to the approximation assumptions considered in numerical modeling performing.




3.2.2. Case 2


For the second case scenario, the connection between the impedance bond terminal and the railway consists of a steel connection conductor, which presents at both ends a copper slipper. And in this case the mechanical connection is made by means of a steel screw. The screw tightening torque was kept as in the first case, according to the standards. The electrical and thermal parameters change from the previous case because the properties of the materials differ, but the study conditions will remain unchanged. Thus, the temperature distribution on the surface of the assembly corresponding to this connection mode, at 3600 s, is shown in Figure 11.



From the analysis of the graphic image resulting from the simulation it can be inferred that in the second case the highest temperature value is recorded on the surface of the steel conductor and not on the surface of the contact area. So, after the 3600 s, according to the simulation results, the temperature on the surface of the contact area reaches around 35 [°C], while the temperature on the surface of the connecting conductor records the value of 55 [°C]. The ambient temperature was the same as for the first simulated case.



After comparing the graphic images resulting from the simulation, of the first two connection modes, Figure 10 and Figure 11, it is found that both the surface temperature on the connecting conductor and on the contact area surface is higher in the second case. Due to the electrical resistivity of steel, ρOl = 11.5 × 10−8 [Ωm], which is higher than copper, the steel conductor becomes an additional thermal source for the contact area.



The value of the simulated overtemperature, compared to that obtained by calculations, Table 4, results in a difference greater by 1.48 [°C]. As in the first case scenario, differences between the simulated and calculated temperature values appear.




3.2.3. Case 3


The connection, in this case scenario, between the impedance bond terminal and the railway is made with the help of two steel connecting conductors, which have at both ends a copper slipper. The dimensions of the connecting conductors, the mechanical connection and the tightening torque, the electrical and thermal parameters, respectively the study conditions remain the same as in the second case. The temperature distribution, on the surface of the assembly corresponding to this connection mode, at 3600 s, is given in Figure 12.



From Figure 12 it is observed that the highest temperature value is recorded on the surface of the steel connecting conductors and not on the surface of the contact zone. Therefore, after the 3600 s, according to the simulation results, the temperature on the contact area surface reaches around 31.2 [°C], while the temperature on the surface of the connecting conductors, in the central area, records the value of 35 [°C].



If the graphic images resulting from the transient simulation for the last two connection modes (Figure 12 and Figure 13) are compared, it is found that in both cases the temperature on the surface of the connecting conductors is higher compared to that in the contact area. The value of the simulated overtemperature, compared to that obtained by calculations, Table 4, results in a difference lower than 1.54 [°C].



Comparing, from the contact area temperature evolution point of view, the three analyzed cases, it can say that the first and third cases have close values of them, while for the second case the temperature evolution will be more pronounced. Therefore, from the thermal stress point of view, it is not preferable that the connection between the impedance bond terminal and the railway rail, to be made with a single steel connecting conductor.



In practice, the third way of connection is used, the contact area thermal stress is approximately equal to the first case scenario, since the cost of such a solution is lower with also having an increased mechanical strength.




3.2.4. Case 4


For the fourth case scenario, it is considered a particular situation in which the connection between the impedance bond terminal and the rail track is made by steel connecting conductors, in which one of them is not connected to the end to the railway rail. It was considered this situation because in operation the connecting conductors can be interrupted, due to mechanical vibrations, temperature evolution, etc. The dimensions of the connecting conductors, the mechanical connection and tightening torque, the electrical and thermal parameters, as well as the study conditions remaining the same as in the third case analyzed. Thus, the temperature distribution, on the surface of the assembly corresponding to this forth connection mode, at 3600 s, is shown in Figure 13.



By comparing the graphic images resulting from the transient simulation for the second and fourth cases scenarios (Figure 10 and Figure 13), it is found that for a current of the same value, the surface temperature of the connecting conductors has similar values in both cases. The value of the contact area overtemperature, obtained by simulation, has a value of 14.1 [°C] and the one of the calculations is 15.33 [°C], resulting in a difference of 1.23 [°C] between them.



Referring to the contact area surface temperature, we note that the temperature recorded for the fourth case from simulation result as 34.1 [°C], which is lower compared to the one from the second case, which was 35 [°C]. This is due to the fact that in the fourth case, two slippers are present in the contact area (of which is not active), in this case will have the role of a heatsink, compared to a single slipper in the second case scenario. The FEM analysis was used to estimate the temperature evolution by means of modern methods, and also to have a visual expression of the thermal phenomenon (the temperature variation along the models).





3.3. Monitoring of the Temperature Evolution by Means of Infrared Investigation


The validation of the conductive path simulation models was achieved through experimental tests consisting of their infrared thermographic investigations.



Infrared thermographic monitoring is one of the most modern methods of surveil-lance of temperature evolution, therefore, at present, it is used in the maintenance procedures applied in the electrical transformer substations, industrial applications and not only. The main advantage in such monitoring is that the temperature measurement is done remotely, without physical contact with the analyzed assembly. This allows for an investigation of a large area or perhaps even of the entire ensemble examined [35,36].



The monitoring carried out in the experiment was performed by means of the infrared thermographic investigation device (Flir T650sc). This was realized in order to determine the temperature evolution level of the contact between the impedance bond terminal and the slippers of the connecting conductors, at 3600 s from the moment of establishing the current through the circuit.



Figure 14 presents the wiring diagram used to monitor the temperature evolution of an alternating current of 100 A passed through the configuration. This configuration represents a portion of the power supply system return circuit of electric traction which uses a single-phase current with a frequency of 50 Hz and a voltage of 25 kV, commonly in Romanian railway electric traction [26,43]. The impedance bond’s terminals and the connecting conductors to the rail, used in the experiments, have the same dimensions, mechanical and electrical properties as those declared in the simulated models. Thus, in the experiments, as well as for simulation, the same four modes of connecting were considered. The ambient temperature at the time of the experiments was about 20 °C.



Before performing the experimental thermal infrared investigation, corresponding to each case, contact resistance measurements were made using Micro Ohmeter RMO500A. The values of the contact resistances resulting from the measurements made, by transiting a test direct current in the amount of 100 A, are given in Table 6.



Before performing the investigation, the thermal imaging camera is set according to the laboratory conditions [35,36].



The values of the adjustment parameters for obtaining the thermographic image were the following:



Ambient temperature: 20 [°C]



	
Emissivity index: this parameter was set to the value of 0.95 corresponding to the emissivity of the conductor’s cables electric insulation



	
Reflected temperature: set equal to the ambient temperature, 20 [°C]



	
Relative air humidity: the value measured in the laboratory at the time of the experiment was 55%



	
The distance from the camera lens to the investigated connection was 1 m



	
The temperature range was selected between −30 ÷ 160 [°C]



	
The temperature evolution for each of the four connection modes between the impedance bond terminal and the railway rail were monitored for 3600 s by transiting a current of 100 A, in order to validate the simulation models presented in previous section






3.3.1. Case 1 and 2


For the first and second cases, according to the electrical diagram from Figure 14, an infrared thermographic investigation was performed in order to monitor the temperature evolution for copper and steel connecting conductors. The tightening torque of the screws connecting the impedance bond terminal and the slipper of the connecting conductor was set in accordance with the connection standards, having the value of 30 [Nm]. After 3600 s from the moment of transiting the current, the thermographic image given in Figure 15 was obtained.



The thermographic image obtained was processed, through Flir Tools software, to identify the temperatures recorded on each connecting conductor. Thus, corresponding to the Sp1 ÷ Sp3 points, the temperatures recorded for the copper connecting conductor are rendered, respectively for the Sp4 ÷ Sp6 points for the steel connecting conductor.



From the Figure 15 analysis, it is noticed that for the copper connecting conductor, the highest temperature is recorded on the connection area between the impedance bond terminal and the copper slipper, at point Sp1, having the value of 27.9 °C. While for the other two points the temperature registers a decrease, just as it was obtained from the simulation in case 1, Figure 10. The monitored temperature on the contact area surface is close in value to that obtained from the simulation of this type of connection (27.3 °C).



For the steel connecting conductor, the highest temperature is recorded on the conductor at point Sp5, having the value of 55.4 [°C], and on the connection terminal the value 36.1 [°C] corresponding to point Sp4 is recorded. From the simulation performed in case 2 (Figure 11) it results that the value resulted in the connection area is 35 [°C], therefore the value obtained from the thermographic investigation differs by 1.1 [°C]. So, for this case too, we can say that the simulation models are according to the real situation with a small deviation.



In conclusion, for these two cases, the thermal stress of the connections between the impedance bond terminals and the connecting conductors obtained from the simulation, are very close to the monitored values.




3.3.2. Case 3


For the third case, in which the connection between the impedance bond terminal and the railway rail is made by means of two steel connecting conductors, the thermographic image captured by the thermal imaging camera is shown in Figure 16.



Analyzing Figure 16, it is observed that the temperature in the contact area, point Sp1, is 31.1 [°C], lower than the temperature on the steel conductors, points Sp2 and Sp3, which has values of approx. 33.5 [°C]. The experimentally recorded temperature distribution approaches the resulting values from the simulation of case 3, (which was 31.2 [°C] according to Figure 12).



For the value of the connection area temperature, corresponding to point Sp1, is observed a difference of 0.1 [°C] comparing to the value obtained from the simulation made for case 3. Thus, the experimental results validate the simulation model, and there is, however, a small temperature difference between them, which may be due to factors that were not considered in the simulation (e.g., the consideration of single wire conductors in the simulation, while in the experiment they were multi-wire conductors), respectively in the performance of experiments (the current value oscillated around 100 A during the tests, the ambient temperature did not remain constant at 20 °C).




3.3.3. Case 4


For the last case analyzed within the experiment, in which the connection mode be-tween the impedance bond terminal and the railway rail was made by two steel connecting conductors, having the particularity that one of the connecting conductors is not connected to the end towards the rail, the thermographic image from Figure 17 was obtained.



The temperature distribution obtained from the simulation of temperature evolution in case 4, Figure 13, is very close to that determined by the thermal imaging camera.



As in the third case, it is noticed that in the contact area, point Sp1, the temperature is 33.9 [°C], lower than the temperature on the active connecting conductor to the railway rail (the top one), marked by Sp2 point, which had the value of 55 [°C]. Thus, this time also, the temperature distribution resulting from the simulation (case 4) is close to that recorded by the thermal imaging camera.



Between the temperature value recorded by the thermal imaging camera at the connecting area, point Sp1, of 33.9 [°C] and the one obtained by simulation of 34.1 [°C], a difference of 0.2 [°C] is noted (Figure 13 and Figure 17).



For the four cases analyzed, the temperature values at 3600 s in the contact areas are centralized in Table 7.



The temperature differences between the values obtained by the two methods (simulation and infrared investigation) are found in the range −0.2 ÷ +1.1 [°C]. Therefore, the experimental results obtained for the four connection modes considered, confirm the models used in the numerical simulation of thermal stress with an acceptable deviation.






4. Conclusions


The knowledge of the different situations that may occur in the operation of a railway traction supply system can be achieved by modeling it by means of equivalent schemes consisting of circuit elements (resistances, inductances, impedances etc.). The mathematical modeling of the main parameters within the analysis of these situations helps to determine as accurately as possible the values achieved during operation.



The temperature evolution of the conductive pathways in the return circuit are produced by the electrocaloric effect of the current circulating through them. The level of thermal stress also depends on the values of the contact resistances in the contact area. Thus, it was presented the possibility of evaluating the temperature evolution, of some connection modes from the return circuit, by modeling and numerically simulating them, the results being compared with those determined with the use of a thermal imaging camera, in order to validate them. The modeling and simulation of the thermal processes of the connecting conductors was performed with the COMSOL software environment that allows the easy determination, for example, of the values of the allowable currents, of the temperature evolution given by the nominal currents.



For modelling and numerical simulation, the following four ways of connecting the impedance bond terminal and the railway rail were considered:




	
a copper connecting conductor with a cross section of 50 [mm2] (case 1)



	
a steel connecting conductor with a cross-section of 78 [mm2] (case 2)



	
two steel connecting conductors, each with a cross-section of 78 [mm2] (case 3)



	
two steel connecting conductors having the particularity that one of the connecting conductors is not connected at one end (case 4)








By analyzing the numerical results, obtained at 3600 s from the moment of establishing the current through the circuit, the following were observed:




	
higher temperatures in the contact area than those obtained on the connecting conductor surface, in the first case considered



	
for the connection modes considered in cases 2, 3 and 4, the temperatures in the contact area are lower compared to those on the surface of the steel connecting conductors



	
the surface temperatures distribution of the conductive path differs for the four analyzed cases



	
more pronounced thermal stress for the second mode of connection compared to the others








The validation of the models made for the simulation of the conductive paths temperature from the return circuit was achieved through experimental tests in the laboratory.



The experimental results gave validity to the simulated thermal models of the conductive path, the deviations being below ±1.5 °C. By comparing the numerical results of the simulation with those obtained from thermographic recordings with the thermal imaging camera, it is possible to identify what needs to be modified in order to improve the simulation thermal models.
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Figure 1. Insulated current path with circular cross-section. 
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Figure 2. Insulated current path with rectangular cross-section. 
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Figure 3. Electrical contacts: (a) roughness of the contact surface; (b) finger point contact. 
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Figure 4. The stricture resistance approximation: (a) the infinite conductivity sphere model; (b) the elliptical contact microsurface model. 
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Figure 5. Electrical contact permanent heating regime. 
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Figure 6. Image of the electrical traction circuit elements used in the experiment. 
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Figure 7. Copper slipper at the ends of the connecting conductors. 
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Figure 8. Transient heating regime of the contact areas for each connection mode. 
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Figure 9. Geometry of the analyzed models: (a) a single copper conductor; (b) a single steel conductor; (c) two steel conductor mesh of the models; Mesh of the models: (d) two conductors; (e) single conductor. 
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Figure 10. Thermal stress of the connection made with a copper conductor. 
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Figure 11. Thermal stress of the connection made with a steel conductor. 
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Figure 12. Thermal stress of the connection made with two steel conductors. 
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Figure 13. Thermal stress of the connection made with two steel conductors, of which one is unconnected at one end. 
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Figure 14. Experimental setup electrical diagram. 
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Figure 15. Thermographic image of the copper and steel connecting conductors respectively. 
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Figure 16. Thermographic image of the two steel connecting conductors. 
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Figure 17. Thermographic image of the two steel connecting conductors, of which one is unconnected at one end. 
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Table 1. Mathematical parameters determination used for a specific application.
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	Mathematical Parameters
	Researchers
	Application





	Heat transfer coefficient, thermal conductivity
	Stasiek, J. [12]
	Passive and forced convection heat transfer



	Velocity, temperature
	Aly, E. H. [13]
	Hybrid nanofluid over

a nonlinearly stretching surface



	Mobility, free energy
	Zipunova, E. [14]
	Codimension of the diffuse inclusion



	Concentrated heat, energy
	Kim, H. [15]
	Optics and heat transfer of solar reactor



	Deflection, radius of Mohr’s circle
	Ramadan, A. N. [16]
	Additional stresses in railway track elements



	Current density, power loss
	Song, W. [17]
	AC loss calculation on traction transformer



	Viscous dissipation, convection heat transfer coefficient
	Roy, P. [18]
	Algorithm for effective design and performance

investigation of active cooling system



	Flux linkage, inductance variation, current vector angle
	Li, S. [19]
	Temperature effects on performance of

interior permanent magnet machines



	Probability estimation, risk assessment
	Feng, D. [20]
	Failure risk interval estimation of traction power

supply equipment



	Impedance, temperature
	Muñoz-Condes, P. [21]
	Impedance

measurement for traction batteries
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Table 2. Approximation function coefficients which are associated with the most common materials used for electrical contacts.
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Contact Material

	
Approximation Function Coefficients




	
c

	
m

	
e






	
Silver

	
0.842 × 10−4

	
0.6

	
2.25 × 10−4




	
Non-oxidized copper

	
0.935 × 10−4

	
0.6

	
2.48 × 10−4




	
Aluminum

	
1.342 × 10−4

	
0.6

	
1.35 × 10−4




	
Synthesized with Cu-W

	
1.972 × 10−4

	
0.6

	
12.60 × 10−4




	
Tinned copper

	
0.596 × 10−4

	
0.6

	
0.225 × 10−4




	
Silvered copper

	
0.918 × 10−4

	
0.6

	
2.25 × 10−4
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Table 3. Maximum admissible temperature corresponding to electrical contact type.
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	Contact Type
	      θ    a d    c     [   °  C ]    





	Contact sheet type, copper and its alloys
	70



	Copper and alloys contacts for switches
	90



	Massive contacts, sliding and frontal, copper and its alloys
	110



	Massive, sliding or frontal, with silver plates (glued or welded)
	120



	Contacts of fuses
	120
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Table 4. Mathematical determination of electrical contact parameters.
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	Parameter
	Case 1
	Case 2
	Case 3
	Case 4





	ϑp [°C]
	7.90
	17.30
	11.10
	16.10



	ϑ [°C], at 3600 s
	7.71
	16.48
	9.66
	15.33



	   θ C    [°C]
	27.85
	37.25
	31.06
	36.06



	T [s]
	962
	1180
	1760
	1760
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Table 5. Material parameters.
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	Material Parameter.
	Copper Values
	Steel Values





	Electrical conductivity
	5.998 × 107 [S/m]
	7.407 × 105 [S/m]



	Coefficient of thermal expansion
	17 × 10−6 [1/K]
	7.06 × 10−6 [1/K]



	Heat capacity at constant pressure
	385 [J/(kg·K)]
	710 [J/(kg·K)]



	Relative permittivity
	1
	1



	Density
	8960 [kg/m3]
	4940 [kg/m3]



	Thermal conductivity
	400 [W/(m·K)]
	7.5 [W/(m·K)]



	Young’s modulus
	110 × 109 [Pa]
	105 × 109 [Pa]



	Poisson’s ratio
	0.35
	0.33



	Resistivity temperature coefficient
	0.0039 [1/K]
	0.0065 [1/K]
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Table 6. Contact resistance values measured for each case scenario.
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	Case Scenario
	Connecting Modes
	Rc [μΩ]





	Case 1
	By means of a copper connecting conductor
	56.2



	Case 2
	By means of a steel connecting conductor
	54.9



	Case 3 and 4
	By means of two steel connecting conductor
	30.4
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Table 7. Contact resistance values measured for each case scenario.
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	Temperature Method
	Case 1
	Case 2
	Case 3
	Case 4





	   θ 1    [°C]—Simulation
	27.3
	35
	31.2
	34.1



	   θ 2    [°C]—Infrared
	27.9
	36.1
	31.1
	33.9



	Δθ [°C]—difference
	0.6
	1.1
	−0.1
	−0.2







Δθ = θ2 − θ1—the temperature difference between the values obtained by the two methods.
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