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Abstract

:

This paper presents the laboratory test stand that is used for experimental validation of underground power cable system models. Determination of temperature distribution in the vicinity of the cable is the main goal of the study. The paper considers a system of three power cables, situated in the in-line arrangement, and buried in sand. Three electrical heaters of special construction are used in order to simulate the heat flux that is generated in the power cables during their operation. The test stand is designed to be placed in a thermoclimatic chamber, which allows testing the system in various thermal conditions when the ambient temperature changes by 20 °C to 30 °C. Numerical computations of the steady-state temperature fields are performed using the finite element method.






Keywords:


underground power cables; heat conduction; numerical heat transfer












1. Introduction


Recently, with growing energy production from renewable energy sources as well as continuous modernization of the electrical transmission grid, the design and operation improvement of underground power cable systems (UPCS) has attracted widespread scientific attention. In most cases, the underground electricity transmission lines operate at the maximum possible transmitted electric current. The electricity transmission losses, in the form of generated heat, depend on the cable core electric resistance and transmitted electrical current [1,2]. Accurate analysis of heat dissipation from the underground power cables to the surrounding soil plays a crucial role in designing the electricity transmission lines for modern power systems [3,4,5].



The underground transmission line performance relies mainly on the thermal properties of the surroundings and the cable itself. Cable insulation dissipates heat generated by the current flow to the surrounding soil. The UPCS arrangement in the ground is associated with a considerable and unpredictable variability of environmental parameters, determined by the thermal conductivity of the surrounding soil. Thus, when designing high voltage and extra high voltage UPCSs, laying the cable lines directly in the ground has been practically abandoned. To enhance heat dissipation from the cable core, by ensuring moisture retention in the vicinity of the cable line, a specially designed thermal backfill is used. The thermal backfill needs to provide stable thermal conditions for the cable line operation regardless of the type of surrounding soil.



The experimental and numerical research carried out so far indicates clearly that the thermal properties of both soil and backfill materials are strongly influenced by water content [6,7,8]. With the increasing water content in the porous media structure, a significant growth in both the soil and backfill thermal conductivity value may be observed. When completely dry, the thermal conductivity of soil or backfill can go down by as much as five times [9].



In the engineering practice, values of cable current-carrying capacity are provided by cable manufacturers for strict assumed environmental conditions. By assuming the power cable operational parameters, it is possible to compare similar cables performance and to select a specific cable model for a given investment case-study. It is a common engineering practice to determine the current ratings based on IEC 60287 using the CYMCAP software [10,11]. The current ratings are established for the following UPCS working conditions:




	▪

	
ambient ground temperature equal to 15 °C;




	▪

	
cable line burial depth equal to 2.0 m;




	▪

	
thermal conductivity of the surrounding soil equal to 1.0 W/(mK);




	▪

	
ambient air temperature equal to 30 °C.









During real UPCS operation, it is not easy to maintain standard operating conditions. The transmission line working conditions are continually changing, also affecting the transmission line performance. The main goal of the study is the experimental validation of the numerical procedures developed and described in detail in [12,13,14]. Numerical procedures are used along with an advanced optimization algorithm for supporting the UPCS design, presented in [15,16].



Due to the variability and complexity of the real UPCS, experimental tests are carried out mostly on the laboratory scale. A few tests stands are being built these days in order to investigate coupled heat and mass transfer phenomenon within the functioning transmission line.



One of the most complex UPCS test stands was built by the Sapienza University of Rome team and presented in a paper by Vollaro et al. [17] and [18]. The test stand was designed to analyze the thermal field in the soil around the buried cables and to study the thermal and hydraulic properties of different backfilling materials. Three electrical heaters were placed in the soil to simulate underground transmission line operation. The tests were carried out at room temperature. The Sapienza University team has performed several studies regarding soil thermal resistance determination during underground electricity transmission lines design [8,19,20].



In the study of Ahmad et al. [21] a single electrical heater was used to examine dry soil and the designed backfill performance. Several cycles of 12 h heating and cooling were performed in order to investigate the nature and characteristics of the proposed backfill. The test stand presented in [21] was a modification of the experimental setup proposed by Moya et al. [22].



This paper presents an experimental validation of the numerical model of heat transfer in an underground power cable system. Determining the temperature distribution in the vicinity of the cable is the main goal of the study. The paper considers a system of three power cables situated in an in-line arrangement buried in the sand. Three electrical heaters of special construction are used in order to simulate the heat flux that is generated in the power cables during their operation. The test stand is placed in a thermoclimatic chamber, which allows testing the system under various thermal conditions, where the ambient temperature changes by 20 °C to 30 °C. The numerical computations of the steady-state temperature fields are performed using the finite element method.




2. Experimental Setup


The test stand consists of a box filled with sand, that simulates the ground, and three heaters that simulate the behavior of power cables. The box is made of metal profiles and covered with chipboard on the inside and on the longer sides with two layers of insulating material. The dimensions of the box are 1.5 m high, 1.56 m long and 1.06 m wide. The volume of the box is 2.46 m3. The box is filled with 1.38 m3 of sand. The dimensions of the box are shown in Figure 1, and the arrangement of insulating elements and heaters in Figure 2. When the box was filled with sand, heaters, as well as temperature and humidity sensors were installed.



During the power outage, electric cables increase their temperature considerably. In order to simulate this process, instead of high voltage cables, three specially manufactured heaters were used. The dimensions of the heater as well as its external design and elements are shown in Figure 3.



A series of tests were conducted prior to the study to verify the effectiveness of the heaters. They were connected to the electrical power supply and a thermal imaging camera checked the temperature to which they were heated. After passing the tests, the heaters were assembled in a box. Figure 4 shows the heaters during the tests and Figure 5 shows an example of a picture taken with a thermal imaging camera during operation.



The thermocouples location is shown in Figure 6.



From Figure 6 it is possible to observe that the thermocouples T1–T7 are located 200 mm above the axis of the central heater, while thermocouples T16–T22 are located 200 mm below the axis of the central heater. Thermocouples T11, T12, T13, and T14 are located at the same level as the central cable conductor axis. Thermocouples T8–T10 are situated at the top of each heater insulation, while T23–T25 at the bottom. The temperature measurement error is assumed to be equal to ± 0.5 °C. TOPE-361-3-50-0,15-A-L3p-TT temperature sensors of Pt100 (ACSE, Kraków, Poland) with three wire compensation lines were used. The thermocouple positioning error is assumed to be equal ±1 mm. The power provided to heaters is regulated by autotransformer at each of three heaters applied by changing the voltage, with measurement error assumed to be equal ± 0.5 W.



The experimental test is performed in the Laboratory of Techno-Climatic Research and Heavy Duty Machines of the Cracow University of Technology for a range of ambient air temperatures between 40 °C and 3.9 °C and air heat transfer coefficient determined as 10 W/(m2·K). The ambient temperatures 40 °C and 3.9 °C are selected to simulate cable line at high (summertime) and low (wintertime) temperature condition. The thermoclimatic chamber used for the tests is described in Kucybała et al. [23]. The experimental procedure consists of:




	(a)

	
Temperature measurements at the locations of (200 mm above the heaters): T1–T7 and around heater 1 (T8, T11, T23), heater 2 (T9, T12, T15), heater 3 (T10, T13, T24).




	(b)

	
Measurements are performed for two different air temperatures Tair = 3.9 oC and Tair = 40 oC to simulate the temperature distribution in power cable system for various external temperatures (a dedicated climatic chamber was used for this purposes)




	(c)

	
The heater power output was maintained constant and equal to P = 20 W at each heater (regulated by auto-transformers)










3. Mathematical Modeling


A steady-state, two-dimensional heat conduction equation is solved numerically to determine the temperature distribution within the system. The following assumptions are made when performing numerical modeling:




	(a)

	
Sand is considered as a homogenous material with thermal conductivity equal to 0.3 W/(m K).




	(b)

	
Thermal insulation made of granular glass is considered as homogenous material with thermal conductivity of 0.17 W/(m K).




	(c)

	
Cable core made of aluminum is considered as a homogenous material with thermal conductivity equal to 200 W/(m K).




	(d)

	
At the ground level surface, the convective boundary condition is applied. The heat transfer coefficient of external air is equal to α = 10 W/(m2K), while the ambient air temperature is taken from the measurements.









The two-dimensional heat conduction equation is used to calculate the temperature distribution within the underground power cable system:


   {     for   the   cable   conductor ,       ∂  ∂ x    [   k c    ∂ T ( x , y )   ∂ x    ]  +  ∂  ∂ y    [   k c    ∂ T ( x , y )   ∂ y    ]  = −  q  v , c    ,         for   the   cable   insulation ,       ∂  ∂ x    [   k  i n s     ∂ T ( x , y )   ∂ x    ]  +  ∂  ∂ y    [   k  i n s     ∂ T ( x , y )   ∂ y    ]  = 0 ,      for   the   soil ,       ∂  ∂ x    [   k s    ∂ T ( x , y )   ∂ x    ]  +  ∂  ∂ y    [   k s    ∂ T ( x , y )   ∂ y    ]  = 0 ,      



(1)




where:



x, y—are Cartesian coordinates of the specified point that belongs to heat transfer domain,



qv—is a heat source density, W/m2.



k—is a thermal conductivity specified for the different computational domains, i.e.,:




	
for the cable conductor kc = 200 W/(m K),



	
for the cable insulation kins = 0.17W/(m K),



	
for the sand ks = 0.3 W/(m K),








The following boundary conditions are applied:


    k      ∂ T   ∂ x    |   x = W   = 0 ,     k      ∂ T   ∂ x    |   x = 0   = 0 ,     k      ∂ T   ∂ y    |   y = 0   = 0 ,     k      ∂ T   ∂ x    |   y = H   = α ( T ( y ) −  T  a i r   )    



(2)







The coordinate system is located collinearly with the axis of the central cable. In Equation (2) W denotes the domain width, i.e., 1.53 m. Symbol h denotes the heater burial depth equal to 0.6 m. The domain height H is equal to 1.56 m (Figure 1).



The heat losses in cable conductor qv,c, are determined from Equation (3):


   q v  =  P   A c     



(3)




where P is the heater power recorded during the measurements, and Ac = 3.8·10−4 m2 is the cross-sectional area of the cable conductor.



Equation (1) is discretized using code developed in-house in MATLAB. The finite element procedures were applied to form the local element matrices, and then assemble them into the global forms. After the FEM discretization of Equation (1) the linear system of equations is solved, and the temperature distribution in a steady state is obtained. Using the finite element method code it is possible to calculate the two-dimmensional temperature distribution within the entire heat transfer domain including heaters (cables) and soil. The model is compared with experimental measurements to validate its accurancy.



The input parameters are: power delivered at heaters (P = 20 W) and ambient air temperature (Tair = 40 °C, and 3.9 °C), as the output parameters the temperature distribution within the underground power cable system is determined using the proposed FEM model.




4. Results and Discussion


Figure 7 presents the numerical grid used in the computation. It is possible to observe, that the mesh is highly refined in the region, where the thermocouples are installed.



The simulation is performed for P = 20 W and Tair = 40 °C and P = 20 W and Tair = 3.9 °C. The results of the simulation are compared with the experimental measurements and provided in Table 1, Table 2 and Table 3.



From Table 1, Table 2 and Table 3 it is possible to observe that the simulation results are in very good agreement with the experimental data. The maximum error is not higher than 5%, which shows that the model predicts very well the temperature distribution around the underground power cable system. The error is calculated as:


  e =  |     T  model   −  T  exper .      T  exper .      |  · 100 %  



(4)




where Tmodel is a temperature determined from the FEM model at a specified location, and Texper is a measured temperature at a specified location. The final temperature distribution obtained from the FEM simulation is shown in Figure 8.



From the analysis of Figure 8 is possible to observe that the central heater temperature is the highest, while the temperature of the side heaters is slightly lower. The same is confirmed by the experimental tests.




5. Conclusions


In this paper, an experimental setup is created to determine the temperature distribution around specially designed heaters that simulate an underground power cable system. Three heaters of uniform power P = 20 W arranged in a flat formation are considered. The experiments were performed in the Climatic Chamber Laboratory of the Cracow University of Technology for the ambient air temperature range between 40°C amd 3.9 °C and an air heat transfer coefficient equal to 10 W/(m2K). The experimental results were compared with those of a program developed by the authors, which is used to calculate the temperature distribution. The agreement between the measurements and simulation results is satisfactory. The difference does not exceed 5%.
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Figure 1. Scheme of the experimental setup. 
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Figure 2. Placement of power cables in the sand. 
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Figure 3. A view of the electric heater. 
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Figure 4. Electric heater during the tests. 
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Figure 5. A sample temperature distribution in the heater. 
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Figure 6. The location of thermocouples at the experimental stand. 
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Figure 7. A numerical grid used in the computations. 
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Figure 8. Temperature distribution around the heaters for Tair = 40 oC and P = 20 W (a), and Tair = 3.7 oC and P = 20 W. 
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Table 1. Temperature values obtained from tests and simulations at a level of 200 mm above the heaters.






Table 1. Temperature values obtained from tests and simulations at a level of 200 mm above the heaters.





	

	
Tair

	
P

	
T01

	
T02

	
T03

	
T04

	
T05

	
T06

	
T07




	

	
°C

	
W

	
°C






	
x, mm

	

	

	
300

	
450

	
600

	
750

	
900

	
1050

	
1200




	
y, mm

	

	

	
1100




	
Exper.

	
40

	
20

	
58.3

	
63.2

	
68.46

	
70.72

	
69.34

	
66.25

	
58.11




	
Model

	
57.3

	
64.7

	
68.79

	
70.43

	
68.79

	
65.06

	
57.23




	
Exper.

	
3.9

	
20

	
24.71

	
30.02

	
35.91

	
38.29

	
36.69

	
33.52

	
24.11




	
Model

	
24.1

	
30.41

	
35.61

	
37.4

	
35.61

	
31.61

	
24.08
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Table 2. Temperature values obtained from tests and simulations (temperature values around heaters 1 and 2).
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Heater 1

	
Heater 2




	

	
Tair

	
P

	
T08

	
T11

	
T23

	
T09

	
T12

	
T15

	
T25




	

	
°C

	
W

	
°C






	
x, mm

	

	

	
450

	
300

	
450

	
750

	
600

	
750




	
y, mm

	

	

	
945

	
900

	
855

	
945

	
900

	
855




	
Exper.

	
40

	
20

	
84.92

	
67.47

	
84.79

	
90.79

	
81.55

	
90.57

	
90.26




	
Model

	
84.2

	
65.06

	
84.63

	
91.15

	
81.45

	
90.99

	
91.69




	
Exper

	
3.9

	
20

	
54.27

	
35.34

	
54.44

	
54.27

	
50.87

	
60.84

	
60.42




	
Model

	
54.1

	
35.08

	
54.25

	
54.25

	
49.9

	
57,98

	
57.75
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Table 3. Temperature values obtained from tests and simulations (temperature values around heater 3).






Table 3. Temperature values obtained from tests and simulations (temperature values around heater 3).





	

	

	

	
Heater 3

	




	

	
Tair

	
P

	
T10

	
T13

	
T24

	
T14




	

	
°C

	
W

	
°C






	
x, mm

	

	

	
1050

	
900

	
1050

	
1200




	
y, mm

	

	

	
945

	
900

	
855

	
900




	
Exper.

	
40

	
20

	
53.95

	
51.06

	
55.29

	
32.26




	
Model

	
84.2

	
81.26

	
84.63

	
64.05




	
Exper.

	
3.9

	
20

	
53.95

	
51.06

	
55.29

	
32.26




	
Model

	
53.41

	
50.58

	
55.12

	
33.86
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