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Abstract

:

Power cable lines are usually buried in the ground. However, in some cases, their ending sections are mounted along the supports of overhead lines. This leads to a situation where the cables are exposed to direct solar radiation and, consequentially, overheat. The paper presents the advanced computer modelling of power cables’ heating, considering their insolation as well as the effect of wind. The temperature and current-carrying capacity of power cables—during exposure to direct solar radiation—are evaluated. An effective method of limiting the unfavourable impact of the sun is discussed. In the presence of solar radiation, the proposed method enables a significant increase in the power cables current-carrying capacity.
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1. Introduction


One of the most important parameters of power cable lines is their current-carrying capacity. The rated load of the power cable line, in given external conditions, should not result in the temperature of cables (cables insulation) being higher than the maximum permissible temperature specified in the standard. However, in practice, there are cases of the thermal damage of power lines as a result of the overheating of the cables’ insulation, which reduces the thermal endurance of power cables, as well as the safety and reliability of power delivery [1,2,3,4,5]. The risk of power cables overheating results from the occurrence of adverse weather conditions (strong sunlight, no wind), which are sometimes overlooked by power network designers.



The basis of the designers’ work is their experience and the provision of dedicated standards. The main international standards [6,7,8,9,10] for determining the current-carrying capacity of power cables are based on the Neher–McGrath analytical calculation method published in 1957 [11,12,13]. A large number of scientists recognizes that the data contained in the indicated standards do not relate to the actual conditions of power line operation. Therefore, the current-carrying capacity values determined on the basis of these standards are divergent in comparison with the current-carrying capacity based on the experience and numerical calculations [3,14,15,16,17,18]. This is especially important in the case of the complicated layouts of cable systems or in the presence of unfavourable environmental conditions.



The paper [13] presents the influence of many factors on the current-carrying capacity of power cables in the air, among others the influence of wind speed, but without taking into account its direction in relation to the power cable axis. The paper contains an analysis of the impact of solar radiation on the permissible load but without an exact description of the radiation model. This paper also presents the impact of cables ventilation on their current-carrying capacity. However, the conditions of this process have not been clearly defined.



The authors of papers [19,20] analyzed the impact of wind direction and its speed on the current-carrying capacity of conductors. This analysis applied to one bare conductor of the overhead line. In turn, the author of the paper [21] presents an analysis of the current-carrying capacity of an overhead line in terms of the impact of wind speed and solar radiation based on analytical formulas, but does not take into account the impact of wind direction on the current-carrying capacity.



Increasing the current-carrying capacity of electrical devices as well as power cables is the subject of many scientists’ research [22,23,24,25,26,27]. It can be seen that the basis of these considerations is mainly the analysis of the thermodynamic state of power cables. In such cases, the geometry of the system and initial conditions are important, and the flow around cables is characterized by numbers: Nusselt Nu, Grashof Gr, Prandtl Pr. Calculations of these states can be carried out analytically or numerically.



In this paper, the results of the comprehensive ANSYS software-based numerical simulations of the thermal phenomena occurring in cables located in free air—during windy and/or sunny weather—are presented. Although some results of calculations of the current-carrying capacity for cables placed in free air are presented in the literature, the aforementioned ANSYS-based research, with the use of the authors’ heat transfer model of the PVC-insulated cable, enables modelling more complicated cases of ambient conditions as well as giving more precise results. The special aspect of the power cable line current-carrying capacity evaluation is also discussed—it refers to the power cable line changing the layout from the buried in the ground to the located in free air. The method for improving the thermal condition of such a cable line, based on passive cooling, utilizing natural/free convection and the buoyancy effect, is proposed. According to the proposed solution, power cables are placed in vertical pipe-channels, which intensify the thermal convection from the external surface of the cables. The optimization of the dimensions of the channel enables a significant increase in the current-carrying capacity of the cables. The authors’ proposal is economically attractive because it does not require an additional power supply and, hence, does not consume energy for the intensification of the favourable airflow along the channels.




2. Description of the Numerical Model of the Cables


This article considers power cables composed of PVC insulation (permissible continuous temperature 70 °C), PVC sheath/jacket, and the multi-wire (stranded) copper conductor of nominal cross-sectional area equal to 35 mm2. The construction of the power cable is shown in Figure 1.



By heat balance, heat is generated in the cables via the two following ways:




	(1)

	
Joule’s heat produced by the current Icc flowing through the copper conductor—in most of the studied cases, the boundary condition of Joule’s heat flux density qJoule is iteratively introduced to obtain a result for which the max permissible temperature in any area of insulation is reached (70 °C). The current-carrying capacity Icc is included in the following formula:











    q  Joule   =    q  cc      A c    =     I cc  2  ⋅  R  AC     π ⋅  D c  ⋅  L u        ⇒    I  cc   =      q  Joule   ⋅ π ⋅  D c  ⋅  L u     R  AC         



(1)




where:




	
qcc is the thermal power (heat) generated by the current in the power cable given length, W;



	
Ac is the external/side surface of the copper conductor (dissipating heat to the ambient air), m2;



	
Icc is the current-carrying capacity, A;



	
RAC is the resistance of the power cable for AC current, Ω;



	
Dc is the diameter of the copper conductor, m;



	
Lu is the unit length of the copper conductor, m.








The heat flux density is equal to the ratio of thermal power qcc separated on the unit length (usually 1 m) of the cable to the side surface of the copper conductor Ac with the unit length. The assumption made in the research is an even distribution of Joule’s heat flux density over the entire lateral surface of the copper conductor.



	(2)

	
The heat generated by solar radiation—presented as the authors’ functional determination of the density of heat flux reaching the insulation surface qsolar(x), W/m2. This relationship has been transformed for use in the Cartesian coordinate system. The intensity of solar radiation depends on the height of the sun above the horizon, which is associated with the absorption of solar radiation by the atmosphere.







Westman’s formula was used as the basic relationship describing the intensity of solar radiation Hsolar [28]:


   H  solar   =  H s  ⋅   10   − 0.05675 k s + 0.00038 k  s 2     



(2)




where:




	
Hs = 1120 W/m2 = const;



	
ks = 1/sin(Sh), where Sh is the sun altitude, °,








The height of the sun above the horizon depends on the season and latitude. Therefore, assuming Polish geographical conditions (average 53° north latitude), it can be assumed that the maximum sun altitude during summer is around 60°. The average value of the altitude is assumed to be approximately 45°. The formula describing the heat flux reaching the cable insulation surface, depending on the coordinate of the Cartesian system, is as follows:


   q  solar    ( x )  = f  (  x ,  r s   )  ⋅ cos  (   S h   )  ⋅  σ  abs   ⋅   10   − 0.05675 k s + 0.00038 k  s 2     



(3)




where:




	
f(x, rs) the function depends on the adopted coordinate system x and the external radius of the cable rs = Ds/2, -;



	
σabs is the PVC absorption coefficient, -.








In the investigation, the heat dissipated from the cables to the surroundings is modelled, taking into account:




	(1)

	
The radiated heat from the system—described by the radiation model P1 and DO (Discrete Ordinates) [29]; implemented in the ANSYS Fluent software.




	(2)

	
Heat conduction—mainly in solids, i.e., considered in the PVC insulation and sheath/jacket, but also in the boundary layer. Assuming the isotropicity of the tested materials, the condition regarding the density of conducted energy in the system can be described by the relationship according to Fourier’s law:











qconduction = −λPVC∇t



(4)




where:




	
λPVC is the thermal conductivity of the PVC insulation and sheath, W/(m·K);



	
∇t is the three-dimensional temperature gradient, K/m;













	(3)

	
Heat convection—the density of the heat flux transferred by convection is given by the relationship:











   q  convection   =  α  conv   ⋅  (   t  PVC   −  t  air    )   



(5)




where:




	
αconv is the heat transfer coefficient, W/(m2·K);



	
tPVC is the power cable external surface temperature, K;



	
tair is the air temperature around power cable, K.








Figure 2 presents the simplified geometry of the analyzed cable taking into account the aforementioned assumptions. The investigated cable line is located in the East–West direction, and the wind directions are described accordingly.




3. Computer Simulations and Results


3.1. The Effect of the Wind Speed, Wind Direction and Cables Layout


In practice, the wind speed can take different directions. Usually, it will be possible to distinguish the perpendicular and parallel components in relation to the surface of the power cable. Wind directions affect the intensity of heat exchange between the cable and the environment.



Figure 3a presents vectors of air velocity flowing perpendicular to the axis of a single power cable. At the inlet on the left plane of the computational domain, speed equal to 1 m/s perpendicular to the axis of the power cable was set in the model.



Figure 3b shows the distribution of air vectors with the flow parallel to the surface of the power cable. Similar to the considerations of a cable laid perpendicular to the air flow, the set airspeed is equal to 1 m/s. The air velocity near the insulation surface (blue velocity vectors in Figure 3b) is significantly lower than the velocity at some distance from this surface. This is due to the occurrence of a boundary layer formed in the vicinity of insulation and the viscosity of air flowing around the cable shape. The heat exchange, in this case, occurs mainly by conduction in the hydraulic boundary layer.



It can be clearly seen that the air movement in close proximity to the insulation wall in the case of parallel flow (Figure 3b) is less turbulent compared to the flow perpendicular to the axis of the power cable (Figure 3a), where the laminar boundary layer is definitely thinner and there are more vortex structures in the flow.



As a result, it turns out that even with a very small path traversed along the power cable and with a similar insulation temperature (70 °C), the air in the flow parallel to the power cable axis is able to receive twice less heat than the air with a direction perpendicular to the power cable axis, at a constant direction and speed of air, and a constant air temperature [30].



The current-carrying capacity of the three-phase power cable system (cable type from Figure 1) has been analyzed for the three cables layouts presented in Figure 4. For every layout, the wind direction has been taken into account according to Figure 2. The effects of the following wind directions have been investigated:




	
From North to South;



	
From South to North;



	
From the top to bottom of the arrangement of the cables.








Results of this analysis are presented in Figure 5. A higher wind speed leads to the increased current-carrying capacity of the cable system. However, the highest increment of this capacity is for changing the wind speed from 0.5 m/s to 1 m/s or from 1 m/s to 2 m/s. For relatively high wind speed, when the flow is already turbulent, the increase of 1 m/s is not very effective. It can also be concluded that the most intense heat exchange occurs in the case of the air flow in the top-bottom direction, compared to the direction South–North or North–South. For the top–bottom flow, comparatively higher values of the current-carrying capacity of power cables were obtained. According to this, placing a cable line vertically instead of horizontally could be a reasonable option.



If one compares the trefoil formation with the flat formation without spacing, the first of these two mentioned gives a higher current-carrying capacity of the cable line, when the wind speed is relatively low (compare Figure 5a vs. Figure 5c for the wind speed up to 2 m/s).



The best of the power cables layouts, among the analyzed ones, is the flat formation with cables spacing of 50 mm (Figure 5b). For this type of arrangement, the current-carrying capacity of the cable line is the highest (among the considered).



As the results in Figure 5 show, the speed of air inflow has a significant impact on the current-carrying capacity of power cables. This effect is particularly noticeable for the speed of 0.5–3.0 m/s. The justification for this phenomenon is the fact that the increase in the air flow velocity causes a proportional increase in the Reynolds number. According to the relationships attributed to the forced convective heat exchange, an increase in the Reynolds number results in an increase in the Nusselt number. Increasing the Nusselt number results in increasing the heat transfer coefficient αconv. The convective heat exchange becomes the dominant method of heat exchange between the power cable and the environment.



Figure 6 presents the distribution of air velocity vectors around the cables. In Figure 6a, air velocity vectors around each power cable show vortex structures (density of velocity vectors) that intensify convective heat exchange between the cable and air. The air velocity increases to 1.39 m/s, where the set starting value is 1 m/s in the top-bottom flow. The airflow around the power cables is based on the principle that the first power cable is cooled by air like a single cable, while the next cable/cables are located in the flow structures generated by the preceding cables, as shown in Figure 6b,c. More turbulent air flow (higher air speed) leads to the more efficient convective heat transfer. Figure 6b shows the distribution of air velocity vectors for the South–North inflow (from the left to the right in the picture), where it can be seen that near the first cable (left, L1) a higher air velocity is recorded compared to the velocity distribution around the L2 and L3 cables, and therefore, locally, the heat transfer around the first (left) cable is more intense. In the trefoil formation (Figure 6c), two cables are directly exposed to the wind.



Figure 7a shows the temperature distribution in the “flat formation without spacing” case. The first power cable (left, L1) receives the highest solar heat (from the left as in Figure 2) compared to others, but it is not the hottest one. The other cables (L2 and L3) are screened by the cable L1 from the cooling effect of the wind in the direction South–North, reaching a higher temperature. In consequence, the temperature of the cables L2 and L3 determines the current-carrying capacity of the cable system. If the wind direction is changed to North–South (from the right to the left side in Figure 7b), the current-carrying capacity of the cable line is determined by the first cable (left, L1), irradiated, and the worst (last) cooled by the air stream.



When comparing the results of temperature distributions in Figure 7a,b, it is important to note that the current-carrying capacities differ by as much as 27%. For the example from Figure 7a, the current-carrying capacity (maximum permissible symmetrical load of the all cables) is equal to 78.8 A, whereas for the example in Figure 7b, the capacity is equal to 61.9 A.



Figure 7c shows an example analysis of the temperature distribution for the trefoil formation. For this type of arrangement, it is seen that the heat supplied from solar radiation to the power cable L3 (the bottom cable on the right) is significantly limited due to the shadow zone of the other cables. In case of the wind direction from top to bottom, each cable is cooled by the wind. For wind direction from South to North (from left to right), two cables at the left side of the picture are subject to wind cooling (see air velocity vectors in Figure 6c).




3.2. Power Cables in the Ground vs. Power Cables in Free Air


The current-carrying capacity of the power cable lines is usually calculated for cables buried in the ground. The average value of the soil thermal resistivity in many European countries (e.g., Italy, Norway, Poland) is 1.0 (K·m)/W [31]. With this in mind, the value of the current-carrying capacity for a cable line, for example, arranged in accordance with Figure 8 (if only the conditions in the ground are taken as the criterion) is 176.2 A. The results are consistent with the data contained in the standard [9].



In the further analysis, the heat flux density qJoule determined for the current-carrying capacity of power cables located in the ground was adopted as the reference value and mapped in the above-ground part of the cable line (cables laid in free air). The insulation temperatures of cables laid in the air (without wind—unfavourable conditions) for the boundary condition qJoule resulting from the conditions in the ground are presented in Figure 9.



Based on the results obtained in Figure 9, it can be concluded that there is a real risk of exceeding the long-term permissible temperature (70 °C) in a section of the cable line arranged in the air, both in the presence and absence of solar radiation. As a result, the reliability of the power grid is below expectations [32].



Power cables in the air cannot be loaded as much as in the ground characterized by the soil resistivity equal to 1.0 (K·m)/W. In the air, their maximum permissible load is only 96 A (with solar radiation) and 152 A (without solar radiation). Even worse, in the presence of solar radiation, the insulation of the cable may be overheated (76.22 °C—Figure 10a) for the load equal to 117.5 A, which is the current-carrying capacity of cables in the ground for the soil resistivity is equal to 2.5 (K·m)/W (relatively high soil thermal resistivity—bad heat dissipation).



In order to improve heat exchange conditions for cables laid in the air and reduce the adverse factor (solar radiation) affecting the current-carrying capacity of power cables, a method of increasing the permissible load using a passive cooling system has been proposed. The idea of the solution is based on the use of a casing/shielding pipe made of PVC, in which the power cable is laid coaxially (Figure 11). Such a pipe is usually installed for the protection of the cable/cables against mechanical damage, but it is closed at the top and its dimensions are not optimized from the point of view of thermal effects (Figure 12). If the pipe is opened at both sides and optimized, it creates a pipe-channel and can be a solution for improving the current-carrying capacity in the presence of solar radiation. The heat exchange occurring in the power cable system with the casing pipe is mainly based on the principle of free convection, in which air flow is the result of buoyancy force resulting from the difference in air density arising due to the change in air temperature in the pipe.



To illustrate physical phenomena in the arrangement “the cable in a pipe” (during solar radiation as in Figure 11), numerical simulations of natural convection around the power cable have been performed. Figure 13 presents results of these simulations for the case in which the pipe has a length of 3 m and the internal diameter is 100 mm, whereas Figure 14 presents the case with the pipe length equal to 1 m and its diameter equal to 200 mm.



Figure 15 presents the results of the numerically-based calculations of the current-carrying capacity of a single cable located in the pipe. The calculations have been performed for two lengths of the pipe (3 m and 6 m), and for pipe internal diameters 40 mm, 100 mm, 150 mm, 200 mm and 300 mm. In Figure 15, the reference current-carrying capacity, without the pipe and with solar radiation is marked as well (126 A). The key factor is the diameter of the casing pipe, because the smaller the diameter, the weaker the air movement and velocity in the pipe, so the heat exchange is difficult. A positive effect of the pipe is obtained for the pipe diameters 100 mm, 150 mm, 200 mm and 300 mm. The diameter 40 mm is too low for this cable—the current-carrying capacity is lower than for the reference case 126 A. The length of the cable is important as well. For the pipe (cable) length of 3 m and the diameter 100 mm, the current-carrying capacity is practically the same as for the length of 6 m and the diameter 200 mm.



From the considered cases, the highest current-carrying capacity (145 A) has been obtained, when a pipe of the length of 3 m and the diameter 300 mm is applied. This is around 15% more than in the case without a pipe and in the presence of solar radiation (126 A). It should be noted that the result for the pipe diameter 300 mm (length 3 m) is very similar to the case with the pipe diameter equal to 200 mm (length 3 m)—in practice, it is not necessary to increase the diameter above 200 mm. Thus, it is clearly visible that the parameters of the cable-in-pipe arrangement have to be optimized from a thermal effects point of view. Especially, since the length of the cable section in the air can be different in each case. This length influences the pipe diameter.



The authors have estimated mathematical functions, which enable the calculation of the current-carrying capacity correction factors for the case where the analyzed cable is placed in the casing pipe. Figure 16a presents the correction factor k3m for the pipe of the length of 3 m, whereas Figure 16b presents the analogical correction factor k6m for the pipe of the length of 6 m. The values of the correction factors are referred to the case with solar radiation and without a pipe (126 A = 1.00). Multiplying the base value (with solar radiation and without a pipe) of the current-carrying capacity by the correction factor gives the permissible load of the cable (35 mm2) in the pipe. Such mathematical functions can be helpful for power cable line designers.





4. Conclusions


Power cables located in free air can be exposed to wind and solar radiation. Both aspects significantly affect the current-carrying capacity of the cables. The riskiest configuration of the power cable line is the case in which almost the entire length of the line is buried in the ground, but at some length, it is placed in free air. In the ground, the ambient thermal conditions during the day are relatively stable. In free air, they may change extremely—from strong wind without sun to air stagnation with strong solar radiation. The modelling of such conditions, to evaluate the current-carrying of the power cables, is not an easy task.



To reflect the ambient conditions in free air, computational fluid dynamics modelling, implemented in the ANSYS software, has been used. The authors have developed an original thermal model of the cable system, which enables us to conduct advanced heat exchange analyses. Thanks to the advanced modelling and many calculations, the mixed effect of solar radiation and wind have been verified. The results of the numerical simulations presented in the paper indicate that the current-carrying capacity of the cables in air depends on the cables’ formation as well as the placement of cables in relation to the sun and wind direction, including geographical direction.



When the mixed effect of solar radiation and wind is considered, in one assumed cable arrangement (flat formation without spacing, wind 1 m/s), the current-carrying capacities may differ around 27%, depending on what the wind direction is—from North to South (61.9 A; Figure 7b) or from South to North (78.8; Figure 7a). In the modelled arrangement, the sun heats the cables from the South, so the South-facing wind gives a better cooling effect than the North-facing wind. It shows that the geographical location of the cable system, and hence the properties of that particular region of the Earth (sun altitude, dominant direction of wind) influence the current carrying-capacity of cables in free air. Such factors are not considered in the international standards; therefore, in practice, additional advanced computer modelling for the given cables arrangement can be necessary.



The evaluation of the current-carrying capacity of power cables is especially important when the underground cable line is supplied from an overhead line and goes along its pole. Unfavourable thermal conditions in free air may cause relatively high disproportions between the current-carrying capacities (ground vs. free air). To increase the capacity of cables in free air, a method for improving the thermal condition of cables, based on passive cooling and the buoyancy effect, has been proposed. In this method, the power cable is placed coaxially in a vertical pipe. Thanks to the chimney effect in such a pipe-channel, the airflow is naturally intensified and it leads to the intensification of thermal convection from the external surface of the cables. One of the most important elements of the research is the optimization of the dimensions of the channel, in order to obtain the highest increase in the power cables’ current-carrying capacity. The conducted research for the example power cable system has shown that the channel formed by the vertical pipe may give around 15% higher current-carrying capacity compared to the case without the pipe (145 A vs. 126 A). The proposed method of increasing the current-carrying capacity is economically attractive because it does not require a power supply to generate intensification of the airflow along the cables.



Results of the research presented in this paper show that for the arrangements of the power cable systems in which many factors influence the heating/cooling the cables (mainly solar radiation, wind speed, wind direction), the advanced computer simulation should be employed. What is important, every case of the cable arrangement should be considered individually. Overestimating the current-carrying capacity of cables, due to the utilization of the unified procedures included in the international standards, may result in rapid thermal damage to the cables, which is associated with additional costs.
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Figure 1. Construction of the considered low-voltage power cable. 
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Figure 2. Simplified geometry of the power cable heating/cooling model. 
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Figure 3. Air velocity vectors at a flow: (a) perpendicular to the power cable surface; (b) parallel to the power cable surface [30]. 
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Figure 4. Considered horizontal layouts of the power cables: (a) flat formation without spacing; (b) flat formation with spacing 50 mm; (c) trefoil formation without spacing. 
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Figure 5. Effect of the wind direction and speed on the power cables current-carrying capacity, for the layouts of the power cables presented: (a) in Figure 4a (flat formation without spacing, ambient air temp. 30 °C); (b) in Figure 4b (flat formation with spacing 50 mm, ambient air temp. 30 °C); (c) in Figure 4c (trefoil formation without spacing, ambient air temp. 30 °C). 
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Figure 6. Distribution of air velocity vectors: (a) cables in flat formation with 50 mm spacing as in Figure 4. (b) cables in flat formation without spacing as in Figure 4a; (c) cables in trefoil formation without spacing as in Figure 4c. 
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Figure 7. Temperature distribution (°C) for wind speed (1 m/s) in the: (a) South–North direction (from the left to the right side); (b) North–South direction (from the right to the left side); (c) Top–Bottom direction [30]. 
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Figure 8. Geometry and boundary conditions of the analyzed power cable line; Ds—external diameter of the cable, 1.0 (K·m)/W—the average value of the soil thermal resistivity in many European countries, 2.5 (K·m)/W—unfavourable reference value of the soil thermal resistivity according to [9]. 
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Figure 9. Temperature distribution around power cables (load equal to 176.2 A as permissible in the ground of the soil resistivity 1.0 (K·m)/W): (a) with solar radiation (max insulation temp. 102.50 °C); (b) without solar radiation (max insulation temp. 83.13 °C). 
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Figure 10. Temperature distribution around power cables (load equal to 117.5 A as permissible in the ground of the soil resistivity 2.5 (K·m)/W): (a) with solar radiation (max insulation temp. 76.22 °C); (b) without solar radiation (max insulation temp. 53.32 °C). 






Figure 10. Temperature distribution around power cables (load equal to 117.5 A as permissible in the ground of the soil resistivity 2.5 (K·m)/W): (a) with solar radiation (max insulation temp. 76.22 °C); (b) without solar radiation (max insulation temp. 53.32 °C).



[image: Energies 13 02650 g010]







[image: Energies 13 02650 g011 550] 





Figure 11. Arrangement of the power cable inside the pipe. 
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Figure 12. A pole of the overhead line with cables inside the pipe used for the protection of cables against mechanical damage. 
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Figure 13. Air velocity distribution (a) and temperature distribution (b), for the pipe diameter of 100 mm and its length of 3 m. 
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Figure 14. Air velocity distribution (a) and temperature distribution (b), for the pipe diameter of 200 mm and its length of 1 m [5]. 
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Figure 15. The current-carrying capacity of the power cable depending on the diameter and length of the casing pipe. 
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Figure 16. The current-carrying capacity correction factors k3m and k6m (as a function of the pipe internal diameter Dp) for the cable 35 mm2 installed in the pipe of the length respectively: (a) 3 m; (b) 6 m. 
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