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Abstract

:

This article presents the methodology, description, and results of experimental studies aimed at determining the impact of the copper concentration in a carbon–metal composite contact strip on the maximum temperature of the copper contact wire during a contact event when used for operation in the railway industry in Europe. Based on these tests, we determined the minimum percentage of copper that is required for the composite to meet the normative requirements for current loads. In addition to experimental research, a 3D FEM numerical model was also developed in which the contact strip and contact wire geometry were mapped, along with imposed loads resulting from the test for current loads mentioned above. Fifteen simulation variants were carried out for the established model, where the value of the thermal conductivity coefficient and the specific heat coefficient were varied. On this basis, we analyzed the sensitivity of thermal coefficients to the contact wire temperature and determined the minimum conductivity coefficient value, which allowed the maximum copper contact wire temperature of 120 °C to be obtained during the verification tests.
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1. Introduction


The cooperation between the pantograph of a railway vehicle and the overhead contact line boils down to the contact between the contact plates of the pantograph and the contact wire. This essentially results in contact between two different materials—the carbon composite of strips with the copper of the railroad wire. Many phenomena associated with friction and current flow occur in this region during contact. Therefore, many research centers around the world are trying to explore and describe the phenomena occurring at the interface of these materials. For example, problems resulting from additional adverse phenomena associated with difficult operating conditions during operation are considered, such as rain, snow or ice and heat and the occurrence of an electric arc, thermal shock, abrasive, and catastrophic wear, etc. [1,2,3,4,5]. These difficult working conditions and the presence of high currents at the point of contact cause material degradation, which affects the quality of cooperation of this friction pair [5,6,7,8]. An issue considered often in the literature on this topic is heating at the contact point, which depends on such factors as electric arc [2,3], friction [9,10,11], long train stoppage, and the use of high currents [12] and other phenomena [7,13,14]. In Poland, contact strips made of carbon rather than copper have been used since 2011 in an attempt to adapt to the requirements of the TSI [15]. Therefore, to be able to select appropriate materials conforming to national conditions, it was necessary to carry out verification tests in accordance with normative requirements [16,17,18,19]. In our laboratory, we have also carried out numerous certification [20] and operational [21] tests to assess the quality of cooperation between carbon contact strips and copper contact wire on rolling stock operated in Poland. In these studies, special attention was paid to thermal issues. Our unit has experience in experimental and simulation works related to heat flow modeling in transport [20]. However, this was a continuation of experimental research as well as the modeling and results of FEM simulation studies regarding heating at the point of contact between contact strips and contact wire and its dependence on the materials used in the contact strips. The subject of experimental research was to determine the impact of copper percentage and numerical tests on thermal coefficient values on the maximum temperature of the contact wire.



The development of new composite materials has enabled the implementation of new construction and maintenance solutions in many industries. In the railway industry, one of the most visible changes in the use of new materials is the replacement of copper inlays from the start of the rail comprising carbon composite inserts with the addition of copper. This resulted from the need to reduce wear of the contact wire as well as to eliminate graphite grease, which has an adverse effect on the environment. Replacing copper in the mechanical and electrical system requires adaptation of the new material in terms of physicochemical properties to such an extent that it does not reduce the quality and functionality of the elements made of these new materials. In the case of carbon strips, it is necessary to introduce the optimum amount of copper into the composite that, on the one hand, will allow the current to flow properly yet not result in the contact wire heating up (due to the possibility of its recrystallization above 200 °C) and, on the other hand, will not exceed the maximum value established in the TSI requirements, which is 40%. Determining the value of the optimum concentration of copper in carbon composite is critical to ensure operational suitability and the economic efficiency of the production and use of a new type of contact strip. Therefore, the purpose of the work being carried out is considered valid and substantively and economically justified.



The use of carbon composite in contact strips has led to a number of tangible benefits, such as reduced wear on the strips and the contact wire. However, problems also, unfortunately, arose, due to the specificity of the power supply system used in Poland, i.e., 3000 V direct current, as well as climatic and operational conditions. Due to the relatively low voltage in the electrical network, assuming a constant value of the power demand of the traction vehicle, e.g., 5 kW as for the Dragon locomotive, it can be seen in the simplification that this level of power can be obtained with a supply voltage of over 1600 A. An obvious problem of using a relatively low voltage power source is the generation of a very large amount of flowing current which, in turn, necessitates the use of cables with very low resistance.



This especially applies to contact strips. In addition, the generation of large amounts of heat in the event of such high currents is a significant threat to the integrity of the contact wire.



In the literature, there are numerous publications devoted to the problem of heating at the point of contact between the strip and the wire [3,5,7,9,10,12,13]. We have also conducted numerous different studies aimed at determining the parameters affecting the heat generation at the contact strip–contact wire interface during contact [19,20]. As stated based on previous studies, the basic feature that affects the possibility of using a given contact strip is its electrical conductivity, which is directly determined by the amount of copper content in the carbon composite. Therefore, we earlier tested the concentration of metals used in contact wire and its effect on the resulting thermal resistance [21] as a basis for the current study.




2. Methodology of Experimental Studies


Based on the normative requirements, it was determined that the maximum temperature of the contact wire should not exceed 120 °C. Measurements were made for the contact strip with contact wire loaded with 200 A current for 30 min.



The test stand (Figure 1) represents a power supply system with one profiled contact wire—Cu-ETP (type according to EN 50149:2012, 100 mm2), made of copper of Cu-ETP grade together with carbon strips. In the electrical circuit of power supply–contact wire, contact strip–power supply, 200 A current flowed. The value for the current was measured using a Lutron CM-9930 clamp meter.



The contact strips pressed the contact wire with a force of 102 N. Thermocouples were placed on the contact wire above the contact strips, as shown in Figure 2.



In addition, the temperature was monitored using a thermal imaging camera. From the image acquired by this thermal imaging camera, information about the temperature distribution in the entire system can be obtained and helps determine the location of thermocouple mounting.



Contact strips made of materials with different percentages of copper were tested. The materials were marked with letters in the order of the increasing copper concentration in the carbon composite (Table 1).




3. Results of Experimental Studies


During the first few minutes of temperature measurements, it could already be preliminarily determined whether a given material would meet the needed condition of not exceeding 120 °C. The tests were conducted for a period of half an hour required as the norm, which allowed subsequent correlation of the results with those from the FEM numerical model. The obtained results are presented in Table 2.



Based on the results in Table 2, it can be concluded that material A, i.e., a material with very low copper content (the material used in the 15 kV contact system), did not meet the assumed limit and exceeded the allowable temperature. Additionally, as shown by the research, the presented contact strip could recrystallize the contact wire copper (exceeding 200 °C) after approx. 9 min of cooperation at a standstill under the service conditions.



The obtained results that permit the designation of the minimum copper concentration above which the standards for contact wire heating will be met are presented in Figure 3.



Based on Equation (1), it can be concluded that the contact wire will reach the permissible temperature of 120 °C with a minimum copper content of 26%:


ΔTCu = 206.27 × C × e −0.028 C



(1)




where: ΔTCu °C—increase in the contact wire temperature; C %—the concentration of copper in the composite material.



For all tested materials, the binder content did not exceed 5%. Additionally, according to Formula (1), we can find that by making a 100% copper contact strip, the contact wire temperature will rise by 12 °C, which has been confirmed by performing these measurements for previously used copper strips.



Of course, the demonstrated impact of the copper concentration in the carbon strip is of the greatest importance for the contact system with a supply voltage of 3 kV. The research on the influence of the copper concentration in the contact strip of the rail pantograph on the maximum contact wire temperature demonstrates that the increase in copper concentration significantly reduces the contact wire temperature.



The presented experimental research allowed verification of the FEM model. Reference material marked as “C” was chosen from the experimental research. The average Cu-ETP temperature of 111.6 °C and maximum temperature of 121.8 °C were obtained for this contact strip material.




4. Aim and Methodology of Research Using FEM Analysis


The numerical analysis is meant to demonstrate the effect of the thermal properties of materials used in the slide pantographs of rail pantographs on the achieved contact wire temperature values. The basic thermal properties of materials include:




	-

	
Thermal conductivity k (a measure of the material’s ability to conduct heat in the body), W × m−1 × K−1;




	-

	
Specific heat from c (the heat capacity of a sample of the substance divided by the mass of the sample), J × K−1 × kg−1;




	-

	
Convection coefficient h (a measure of the material’s ability to conduct heat in a liquid), W/(m2 × K);




	-

	
Thermal expansion coefficient α (the tendency of matter to change its shape in response to a change in temperature) K−1;




	-

	
Emissivity coefficient ε (the effectiveness of the surface of a material to emit energy as thermal radiation).









Our research shows that the convection coefficient depends mainly on the speed of the air stream and, to a much lesser extent, on body temperature. On this basis, a constant value was selected for this coefficient—h = 5 W/(m2 × K) for the carbon strip surface and h = 8 W/(m2 × K) for the copper contact wire. The emissivity coefficient is important for temperatures of tested materials that are higher than the values obtained during experimental tests.



The thermal expansion coefficient, however, is important in terms of structural strength, stress distribution, and deformation. The analysis is of the coupled field thermal–mechanical type; however, only thermal issues are considered in this article.



Therefore, further verification of the effect of thermal conductivity and specific heat is important. In the literature, there are large differences in the accepted values. Depending on the voltage used in the overhead contact line, it is possible to use composite materials based on carbon with different copper content. To transfer the required power in the case of a network supplied with 3 kV, the use of strips with a small amount of copper does not work in practice and does not pass the current-carrying capacity tests.



Therefore, it is important to be able to assign the critical value of the weight proportion of copper and the thermal properties of the strip material through engineering design such that the finished product meets the expected requirements.



In order to determine the minimum value of thermal conductivity and specific heat of the sliding strip material and their combination, 15 simulations were performed, i.e., using 5 different thermal conductivity values and 3 specific heat values. This test also allowed us to analyze the sensitivity of these coefficients to contact wire heating based on changes in their values.




5. FEM Mode—Boundary and Initial Conditions


The goal of FEM analysis is to present the impact of two basic thermal properties of the material, i.e., specific heat, c J/(kg × K), and thermal conductivity, λ W / (m × K), on the temperature distribution of the contact strip and the maximum value of the contact temperature. This indirectly allows designing or verifying the composition of the contact strip material to determine whether it will meet operational expectations and, in particular, whether a positive test result will be obtained for the current capacity.



The amount of heat introduced into the system can also be determined from the heating power. The current flowing in the system, according to the requirements of point 15 of the standard [PN 91001], is I = 200 A. However, it is necessary to measure the voltage drop across the contact–strip–contact wire. The measured voltage drop allows the reliable determination of the power P = U × I W, bypassing the loss of electrical power in the power supply system and supplying energy to the system (heating the power cables). Determined in this way, it is converted to heat flow at the contact point (contact resistance):


  P =  Q ˙  · W  



(2)







For FEM calculations, the heat flux density q W/m2 is required. Taking the nominal contact width, L = 1.6 mm, and the width of the contact strip s = 61 mm from experimental research and literature data [7], the contact surface area A = 0.0000976 m2 is obtained. Hence, the heat flux density q is:


  q =      Q ˙   A    W /  m 2     



(3)







This gives the amount of heat, Q, introduced into the system in time t = 30 min = 1800 s, which is equal to


  Q =  Q ˙    t · J  



(4)







It should be noted that in the system required by the standard, the total current value is divided into two contact strips. The amount of heat given off at the contact point can also be determined by knowing the contact point resistance. The dependence of Joule heating is then used.



In the case under consideration, the value of 0.03 Ω was adopted.


Q = R·I2·t J



(5)




where:




	
Q heat generated in the contact zone (Joule heating), J;



	
R  contact resistance, Ω;



	
I   current flowing in the circuit, A;



	
t   time, s.








It should also be noted that the tests indicated in the standard [17] require the use of two contact strips and, therefore, the load will be 0.5 × Q in the FEM model.



Input parameters of the carbon composite event for the FEM model:



Constants:




	
q  Heat flux density: q = 378,000 W/m2;



	
F1 Pressure force on one contact strip (nominal for 2 is 90–120): F1 = 60 N;



	
α  Coefficient of thermal expansion: α = 4.43 × 10−06 K−1;



	
E  Young’s modulus: E = 1.68·1011 Pa;



	
ν  Poisson’s ratio: ν = 0.3;



	
h  Convection coefficient: h = 8 W/(m2 × K), as for free convection;



	
ρ  Density: ρ = 2400 kg/m³;








Variables:




	
k Thermal conductivity—range from k = 5 to k = 60: W × m−1 × K−1;



	
c  Specific heat from c = 350 to c = 900: J × K−1 × kg−1;








For the tested reference sample “C”:




	
k Thermal conductivity—range from k = 24.5 W/(m × K);



	
c  Specific heat from c = 350 J/(K × kg).








Input parameters of aluminum alloy adopted for the FEM model:




	
α Coefficient of thermal expansion: α = 23.1 × 10−06 K−1;



	
E Young’s modulus: E = 0.69 × 1011 Pa;



	
ν Poisson’s ratio: ν = 0.33;



	
h Convection coefficient: h = 8 W/(m2 × K), as for free convection;



	
ρ Density: ρ = 2720 kg/m³;



	
k Thermal conductivity: k = 200 W/(m × K);



	
c Specific heat: c = 900 J/(K × kg);








Input parameters for copper adopted for the FEM model:




	
α Coefficient of thermal expansion: α = 17 × 10−06 K−1;



	
E Young’s modulus: E = 1.1 × 1011 Pa;



	
ν Poisson’s ratio ν = 0.33;



	
h Convection coefficient: h = 8 W/(m2 × K), as for free convection;



	
ρ Density: ρ = 8920 kg/m³;



	
k Thermal conductivity: k = 401 W × m−1 × K−1;



	
c Specific heat: c = 380 J × K−1 × kg−1.









6. FEM Model—Building Model Geometry


The FEM model is used to map the “current carrying capacity” test according to PN-K91001 (p. 2.14) and the test according to IET-4 (§12 p. 4). This test consists of a current load of two carbon strips and a single contact wire with a cross-section of 100 mm2 with a current of 200 A for 30 min. The allowable value of the contact wire temperature increase is 80 °C, with the initial value being set to 40 °C. This means that the maximum temperature of the contact wire cannot exceed 120 °C; see Figure 4.



The contact strip axles are 295 mm apart. The contact wire has a length of 1000 mm. The FEM model reproduces half of the system shown in Figure 5, i.e., one contact strip with an active length of 875 mm and a contact wire with a total length of 500 mm (division: 147.5 mm/352.5 mm). The contact surface of the contact wire with the contact strip has a width of 1.6 mm and is A = 1.6 × 61 = 97.6 mm2. Due to the need to perform numerous calculations and the purpose of the study, the FEM model did not model the full contact of the wire with the strip, but the contact surface was shared and this surface was thermally loaded. The CAD model was exported to the FEM program, but only the geometry of the contact strip cross-section and the contact wire Cu-ETP (with a cross-sectional area of 100 mm2) with geometry according to Iet-4 were used in this program. This allows for the reduction of possible modeling and importing errors in CAD/FEM programs; see Figure 6.



A nonlinear elements type hexahedral with 20 nodes was used for the FEM model. This type of finite element allows for a coupled field with mechanical–thermal–electrical domain calculations. After repeated grid optimization, the model geometry was mapped using 2348 finite elements; see Figure 6.



The model receives six degrees of freedom, which is adequate for the method of attachment in the pantograph, i.e., the ends of the strip are supported in the z-axis (vertical) direction. At the ends of the strips, a degree of freedom in the y-direction (transverse to the strip) was also received. In the middle of the strip, the longitudinal direction (x-axis) has also been removed, which at the same time will ensure symmetry of deformation in accordance with real conditions.




7. Analysis of the Obtained Numerical Simulation Results


The FEM model contains elements with a nonlinear shape function with the possibility of carrying out coupled field (thermal–mechanical–electrical) calculations, but only the results of temperature distribution and total relative displacements were used in this study. The figure below (Figure 7) presents examples of temperature distributions of the sliding strip–contact wire system, and Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 shows the temperature distribution in cross section of this system, for variant BIII (designation according to Table 3).



Table 4 presents the input data for the analysis, while Figure 13 presents a summary of the impact of thermal conductivity and specific heat on the maximum contact wire temperature.



The correlation between the value of the thermal conductivity k (W/(m × K)) of the contact strip and the contact wire heating temperature was calculated from the relationship:


Cr (k, TCu) = (∑ ((k − k) × (TCu − TCu))))/√(∑ ((k − k)2) × ∑ ((TCu − TCu))2))



(6)







The obtained value of Pearson’s correlation coefficient Cr is high and amounts to Cr = −0.830. This means that the contact wire temperature is strongly negatively affected by the thermal conductivity of the contact strip.



A high value of Cr (c, TCu) = −0.997 was also obtained for the correlation between the specific heat and contact wire temperature; however, the influence of the coefficient c on TCu and the coefficient k on TCu differs. By averaging the values for different specific heats, a graph of the relationship between thermal conductivity and the maximum contact wire temperature can be obtained – Figure 14.



By approximating the results of the power function simulation with the R2 = 0.994 factor, one can determine the critical value of the thermal conductivity of the carbon strip material.


TCu = 383.41 × k−0.367



(7)







It is therefore possible to determine the value of k for which TCu will be 120 °C. The minimum value of thermal conductivity of the contact strip material determined on the basis of many FEM simulations is k = 23.7 W/(m × K). From the graph below (Figure 15), it can be seen that the dependence of TCU on the c-specific heat of the coefficient of contact strip is linear—R2 ≈ 1.



Based on the simulation, it can be determined that at TCu = 120 °C, a unit change in the value of the coefficient k (thermal conductivity) causes a change in TCu (k + 1) of 1.8062 °C, and of the coefficient of specific heat by TCu (c + 1) = 0.0165 °C. On this basis, it can be said that the influence of the k coefficient on TCu is over 100 times greater than that of the c coefficient on TCu. Table 5 shows the influence of thermal conductivity and specific heat on carbon contact strip temperature, while Table 6 shows the influence of the above-mentioned factors on the maximum temperature of the aluminum profile.



The course of changes of contact strip temperature depending on thermal conductivity is shown in Figure 16.



Of interest is the dependence of the effect of thermal conductivity on the aluminum profile temperature. The highest temperatures of aluminum profiles were obtained for values in the range of k (15;25) W/(m × K), whereas the higher the value of c (specific heat coefficient), the higher the temperature of the aluminum profile–Figure 17.



The increase in temperatures in the tested system also affects the relative deformations of contact strip. The comparison of the obtained relative deformations is included in Table 7 and illustrated in Figure 18.



Figure 18 shows that after exceeding the value of the coefficient k > 20 W/(Km), the relative deformations caused by the thermal stress of the contact strip are at a constant level, i.e., about 2.3–2.8 mm, depending on the specific heat value of the contact strip material.




8. Conclusions and Directions for Further Work


The experimental tests carried out on the effect of copper concentration in the contact strip material on the maximum contact wire temperature and the FEM numerical tests that were performed allowed us to determine the following conclusions:



	
Based on the conducted experimental and numerical tests, it was found that the metal content and, thus, the thermal properties of the carbon composite contact strip have a substantial impact on the heating of the contact strip itself and the contact wire. The percentage of copper in the contact strip and the thermal conductivity coefficient have a significant impact, while the specific heat coefficient is not significant for the maximum temperatures of the strip and contact wire that were obtained.



	
The established relationship (1) allowed us to determine the contact wire temperature on the basis of the copper concentration in the composite material of the contact strip.



	
For the tested material of the contact strip (operatively marked as “C”), as a result of experimental tests, the average temperature of Cu-ETP was 111.6 °C and the maximum temperature was 121.8 °C, whereas the maximum temperature Cu-ETP resulting from the FEM model was 120.6 °C. This indicates a good correlation of the FEM model with the results of the experimental research.



	
The FEM model included contact strips and contact wire in accordance with the testing requirements. Due to the symmetry, one contact strip with the corresponding contact wire was modeled. The FEM model was made as 3D, taking into account nonlinear finite elements of the hexahedral coupled field type (thermal-mechanical–electrical).



	
The minimum value of the thermal conductivity coefficient of the contact strip material k ≥ 23.7 W/(m × K) was determined based on experimental research and subsequent numerical simulations. This value of the coefficient of thermal conductivity allows a positive result of the contact strip for heating. For comparison, the material tested experimentally (designated as “C”), which reaches the contact wire temperature close to the limit value of TCu = 120 °C, was characterized by the coefficient of thermal conductivity k = 24.5 W/(m × K). The determined value may form the basis for designing the composition of the material for the contact strip of the railway pantograph.



	
Analysis of the sensitivity of factors k and c showed a strong negative correlation between the k-thermal conductivity coefficient and the maximum values of contact wire temperature and contact strip. It has been shown that the thermal conductivity of composite carbon–metal contact strips, in addition to the correlation with TCu, is characterized by a much greater (over 100-fold) effect on TCu values than the specific heat factor c. Comparing the unit increase in the coefficients k and c, the following effect on TCu was obtained, i.e., TCu (k + 1) = 1.8062 °C, while TCu (c + 1) = 0.0165 °C.



	
Based on experimental research, it has been shown that the minimum value of the percentage of copper for the composite contact strip event is 26% Cu to comply with the contact wire temperature criterion of 120 °C (increase by 100 °C with respect to the ambient temperature of 20 °C and 34% Cu, on the assumption that the temperature increase will not be greater than 80 °C, the standard requirement [2,3]).






The above suggests a basic principle for contact strip designers: a minimum percentage of 26% copper in the strip should be ensured, or its thermal conductive coefficient k should not be lower than k = 23.7 W/(m × K).



The direction of further work will be to determine the correlation between the percentage of copper in the carbon composite strip of the sliding cover, which will also allow for further optimization of the structure of the contact strip–contact wire system. Therefore, it is important to develop a dynamic model with simultaneous FEM analysis in the near future to make it possible to visualize electrical and dynamic phenomena in the tested system.
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Figure 1. Pantograph equipment is used for research and contact strip material testing [21]. 
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Figure 2. Diagram of the measuring system. 
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Figure 3. Relation between contact wire temperature and carbon content in a contact strip made of various materials. 
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Figure 4. Arrangement of strips and contact wire for testing. 
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Figure 5. Fragment of contact–contact wire and contact strip–CAD model. 
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Figure 6. Fragment of contact–contact wire and contact strip–CAD model. 






Figure 6. Fragment of contact–contact wire and contact strip–CAD model.



[image: Energies 14 07940 g006]







[image: Energies 14 07940 g007 550] 





Figure 7. Temperature distribution in the system: sliding strip–contact wire for a BIII strip material with a value of k = 15 W/(m × K) and c = 900 W/(kg × K). 
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Figure 8. Temperature field in the cross-section of the composite contact strip and the aluminum reinforcing bar. 
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Figure 9. Temperature field in the cross-section of the contact wire and composite contact strip with the aluminum reinforcing bar. 
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Figure 10. Temperature (a), (c) and gradient temperature (b) in the cross-section of the copper headline. 
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Figure 11. Temperature field in the 3D model cross-section. 
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Figure 12. Temperature field in the 3D model cross-section. 
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Figure 13. Contact wire temperature (Cu temperature °C) as a function of the thermal conductivity (W/Km) of the carbon strip material. 
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Figure 14. Contact wire temperature-Cu temperature (°C) as a function of thermal conductivity of carbon strip material. 
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Figure 15. Contact wire temperature as a function of thermal conductivity of the carbon strip material for specific heat. 
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Figure 16. Contact wire temperature as a function of thermal conductivity of carbon strip material. 
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Figure 17. Contact wire temperature as a function of thermal conductivity of carbon strip material. 






Figure 17. Contact wire temperature as a function of thermal conductivity of carbon strip material.



[image: Energies 14 07940 g017]







[image: Energies 14 07940 g018 550] 





Figure 18. Contact wire temperature as a function of thermal conductivity of carbon strip material. 
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Table 1. Copper percentage in the carbon–copper composite strips [21].
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	Material Designation
	Copper Percentage in Composite Strip%
	The Share of Carbon in the Composite Strip%
	The Share of Binder in the Composite Strip%





	A
	0.2
	94.5
	5.3



	B
	20.1
	76.4
	3.5



	C
	30.7
	63.5
	5.8
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Table 2. Temperatures of contact wire for various copper concentrations in the material of contact strips [21].
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	Material Designation
	The Share of Copper in the Composite Event %
	Contact Wire Temperature in °C





	A
	0.2
	230.7



	B
	20.1
	138.4



	C
	30.7
	111.7
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Table 3. Combinations of simulated values of coefficients reflecting thermal properties.
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Thermal Conductivity K W/(m × K)

	
SPECIFIC Heat C

J/(K × kg)




	
I (c = 350)

	
II (c = 625)

	
III (c = 900)






	
A (k = 5)

	
5/350

	
5/625

	
5/900




	
B (k = 15)

	
15/350

	
15/625

	
15/900




	
C (k = 24.5)

	
24.5/350

	
24.5/625

	
24.5/900




	
D (k = 33)

	
33/350

	
33/625

	
33/900




	
E (k = 60)

	
60/350

	
60/625

	
60/900
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Table 4. Input data for analysis of impact of thermal conductivity and specific heat on the maximum contact wire temperature.
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Thermal Conductivity

K W/(m × K)

	
Specific Heat C J/(K × kg)




	
I

(c = 350)

	
II

(c = 625)

	
III

(c = 900)






	
A (k = 5)

	
220.42

	
217.62

	
214.78




	
B (k = 15)

	
142.43

	
137.62

	
133.99




	
C (k = 24.5)

	
120.55

	
115.31

	
111.45




	
D (k = 33)

	
110.00

	
104.57

	
100.65




	
E (k = 60)

	
93.18

	
87.43

	
83.43
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Table 5. Summary of the impact of thermal conductivity and specific heat on the maximum temperature of the carbon contact strip.
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Thermal Conductivity

K W/(m x K)

	
Specific Heat C J/(K × kg)




	
I

(c = 350)

	
II

(c = 625)

	
III

(c = 900)






	
A (k = 5)

	
221.98

	
219.23

	
216.30




	
B (k = 15)

	
143.34

	
138.50

	
134.84




	
C (k = 24,5)

	
121.27

	
116.00

	
112.11




	
D (k = 33)

	
110.63

	
105.17

	
101.21




	
E (k = 60)

	
93.65

	
87.86

	
83.42
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Table 6. Summary of the influence of the thermal conductivity and specific heat factor on the maximum temperature of the aluminum profile.
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Thermal Conductivity

K W/(m × K)

	
Specific Heat C J/(K × kg)




	
I

(c = 350)

	
II

(c = 625)

	
III

(c = 900)






	
A (k = 5)

	
65.21

	
60.83

	
57.45




	
B (k = 15)

	
78.32

	
72.82

	
68.69




	
C (k = 24.5)

	
79.38

	
73.66

	
69.47




	
D (k = 33)

	
78.78

	
72.98

	
68.79




	
E (k = 60)

	
75.46

	
69.48

	
65.32
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Table 7. Summary of the influence of the thermal conductivity and specific heat coefficient on the maximum values of relative deformations of the contact strip.
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Thermal Conductivity

K W/(m × K)

	
Specific Heat C J/(K × kg)




	
I

(c = 350)

	
II

(c = 625)

	
III

(c = 900)






	
A (k = 5)

	
2.09

	
1.91

	
1.78




	
B (k = 15)

	
2.61

	
2.35

	
2.17




	
C (k = 24.5)

	
2.73

	
2.45

	
2.26




	
D (k = 33)

	
2.77

	
2.48

	
2.28




	
E (k = 60)

	
2.80

	
2.50

	
2.29
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