

  Thermal Rating of Offshore Wind Farm Cables Installed in Ventilated J-Tubes




Thermal Rating of Offshore Wind Farm Cables Installed in Ventilated J-Tubes







Energies 2018, 11(3), 545; doi:10.3390/en11030545




Article



Thermal Rating of Offshore Wind Farm Cables Installed in Ventilated J-Tubes



Lei You 1, Jian Wang 1, Gang Liu 1,*[image: Orcid], Hui Ma 2[image: Orcid] and Ming Zheng 3





1



School of Electric Power Engineering, South China University of Technology, Guangzhou 510640, China






2



School of ITEE, The University of Queensland, Brisbane 4109, Australia






3



Guangdong Electric Power Design Institute Co. Ltd. of China Energy Engineering Group, Guangzhou 510663, China









*



Correspondence: liugang@scut.edu.cn; Tel.: +86-20-87110613







Received: 31 January 2018 / Accepted: 1 March 2018 / Published: 3 March 2018



Abstract:



The section of submarine cable that is installed in enclosed J-tubes represents a possible thermal limiting point along the export circuits of offshore wind farms (OWFs). To obtain higher continuous thermal ratings for J-tube systems, a ventilated design, realized by allowing for the flow of natural wind into the J-tube through vents, is considered in this paper. To evaluate the performance of this forced-ventilation design, a coupled three-dimensional (3D) numerical model is constructed using the computational fluid dynamics (CFD) technique. The CFD method is first successfully tested through comparisons with existing methods for enclosed J-tubes. Then, the cable rating for the ventilated design is determined using the CFD model and compared with the rating for the enclosed case. The results show that the cooling effect from forced ventilation is obvious, and the cable rating could be increased by up to 27.5% for a wind speed of 10 m/s. This improvement in rating is especially significant for OWFs where the export circuit output is limited by the cable rating in enclosed J-tubes.
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1. Introduction


The development of offshore wind farms (OWFs) has rapidly advanced in recent years [1,2]. For the OWF export system, a short section of submarine cable that is enclosed by a protective J-tube is laid between the sea floor and the offshore platform. The continuous thermal rating of these cables is attracting increasing attention [3,4]. This is mainly because the heat transfer from the cable to the ambient air is severely obstructed by the tube itself [3,4,5,6]. As such, the cable section in the J-tube is a potential thermal limiting point for the overall export cable. Due to the extremely high construction cost of OWFs [7,8], enlarging the submarine cable size to improve the rating may not be economically viable.



A natural and straightforward method for increasing the cable rating would be through utilizing natural wind and allowing it to enter the J-tube. This can be done by opening some vents to the J-tube surfaces. It is expected that the cable in the J-tube would receive good cooling effects from forced ventilation. This method has recently been tested in several Chinese OWFs.



To evaluate the performance of this ventilated design, cable ratings in ventilated and enclosed J-tubes should be compared. However, no formal rating methods exist for the ventilated J-tube, and the existing rating methods for enclosed J-tubes [4,5,6] cannot be directly applied to ventilated ones. This is because these methods do not account for the air flowing into/out of the J-tube, i.e., the effect of forced ventilation cannot be represented. Moreover, the air flowing into the J-tube would make the inside flow and temperature fields more complex than in the fully enclosed case.



Due to the above two reasons, this paper presents a three-dimensional (3D) coupled computational fluid dynamics (CFD) numerical model to help determine the corresponding cable rating. The rating results are compared with those of the enclosed J-tubes. The thermo-fluid phenomenon within the ventilated J-tube is investigated. This helps us to fully understand how the ventilated design can improve the cable rating.



The rest of this paper is organized as follows. The following section presents the existing rating methods for the enclosed J-tube system. Section 3 describes the CFD models that were developed for enclosed and ventilated J-tubes in this paper. In Section 4, following the benchmarking test where the CFD model for the enclosed design is compared with the existing methods, the benefits of converting J-tubes from traditional design to forced ventilation are accurately quantified using the CFD model for the ventilated design. Finally, conclusions are drawn in Section 5.




2. Existing Rating Methods for Cables in Enclosed J-Tubes


A typical enclosed J-tube system is divided vertically into three different sections at sea level and on the platform, as shown in Figure 1. It is assumed that the J-tube is vertical to sea level and also the platform. In the water section, the J-tube is often not effectively sealed at the bottom in actual OWFs, and thus seawater fills the J-tube annulus. In the air section, the J-tube is generally required to be effectively sealed at the top, and thus the vertical annulus is air-filled. In the platform section, above the platform the cable runs to the substation, with no part of the J-tube being covered.


Figure 1. Diagram of a typical enclosed J-tube system [4].
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Since the thermal environment of the vertical risers used to protect cables on land is similar to that of OWF J-tubes, the two-dimensional (2D) analytical methods proposed in [5,6] for terrestrial risers are also often used for J-tubes. An updated 2D analytical model for J-tube was recently presented in [4], in which the empirical correlation used to determine the average cable surface convective heat transfer coefficient (CHTC) hc (W·m−2·K−1) was updated, in accordance with [9].
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(1)




where λ is the thermal conductivity of air (W·m−1·K−1); δgap is the radius gap of the vertical annulus filled with air, m; Ra is the Rayleigh number based on δgap (dimensionless); AR is the aspect ratio (dimensionless) which is the ratio of the air section height to δgap; K is the radius ratio (dimensionless); and c, n, b, and p are constants, whose values change depending on the Ra.



In fact, these 2D methods may overestimate the peak conductor temperature for short air section lengths since they neglect the effect of longitudinal heat transfer (LHT). This point was demonstrated in [4], where the updated 2D method was compared with a quasi-3D analytical method. This quasi-3D method accounts for the LHT by defining longitudinal thermal resistivity.



A 3D Finite Element (FE) model was also developed in [4], which predicts 4.7% more ratings than the quasi-3D method for air sections that are longer than 10 m. In order to reduce the computing time, the temperature gradient-induced natural flow inside the J-tube is not modeled in the FE model, but rather represented by an empirical CHTC that is calculated using Equation (1). However, the possible loss of accuracy due to this simplification is not further investigated. Thus, in this study the CFD technique is also applied to the enclosed J-tube to model the inside natural convection, and meanwhile, the comparisons with the existing methods in [4] can be seen as a process of benchmarking test for the CFD models developed.




3. Model Development


Based on the FE model in [4], a 3D CFD model for enclosed J-tubes is first built, followed with the establishment of a 3D CFD model for ventilated J-tubes. Descriptions of the developed CFD models will be given.



3.1. J-Tube and Cable Parameters


The design parameters of the submarine cable considered in this research are given in Table 1. They are based on a 630 mm2, 64/110 kV single-core XLPE insulated cable, which is often used in Chinese OWF export systems [10,11]. Only one phase of the export circuit is modeled. Within the modeled cable, heat is generated in the conductor, dielectric, sheath, and armoring [12]. These heat sources are defined according to IEC 60287-1 [13]. The sheath and armoring loss factor values are 0.4095 and 1.2703, respectively, with a dielectric loss of 1.4219 W/m.


Table 1. Design parameters of the considered submarine cable.


	Component
	Material
	Radius (mm)
	Thermal Conductivity (W·m−1·K−1)





	Conductor
	Copper
	13.3
	385



	Conductor Screen
	Semicon XLPE
	15.1
	0.286



	Insulation
	XLPE
	32.1
	0.286



	Insulation Screen
	Semicon XLPE
	33.3
	0.286



	Water Tape
	Polymer
	34.3
	0.167



	Sheath
	Lead
	37.5
	35.3



	Inner Sheath
	Semicon PE
	40.4
	0.286



	Inner Liner
	PP
	41.9
	0.167



	Filler
	PE
	47.9
	0.286



	Armour
	Steel
	53.9
	18



	Serving
	PP
	57.9
	0.167









The structure of the J-tube is shown in Figure 1. In the models, the length of the air section (Lair) varies from 1 m to 9 m, while the lengths of the water section and the platform section are set at 5 m. The inner radius of the J-tube is twice the outer radius of the cable. The J-tube is of steel construction and is 15 mm thick, with a thermal conductivity of 18 W·m−1·K−1, thus the outer diameter of the J-tube (Do) is 261.6 mm. The platform has a short thickness (0.3 m) and large areas for heat dissipation to the ambient air. Thus, it was not modeled in [4] due to its negligible impact on the overall thermal profile, and it is modeled in this study as a vertical annulus with the same material and outer diameter as the J-tube.




3.2. Enclosed J-Tube Model


The CFD analysis of the enclosed J-tube system needs to consider the thermo-fluid phenomena involving heat conduction, radiation, convection, conjugate heat transfer between the solid and fluid elements, and buoyancy.



In order to save the computing time that is needed to solve the external flow field, the air outside the J-tube is not included in the computational domain, with the interaction with the external air handled via boundary CHTCs. The computational domain is shown in Figure 2.


Figure 2. Computational domain and boundary conditions from different views for the enclosed J-tube system: (a) view along the negative Z coordinate, and (b) view along the positive Y coordinate.
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Conduction is assumed to be the only heat transfer mode within the cable and the J-tube. In particular, for the water section (similar to [4]), the inside seawater is thermally assumed to be a solid, with a thermal conductivity of 0.58 W·m−1·K−1, and the J-tube’s external surface is assumed to be at a constant temperature of 293 K (20 °C). Besides, the ambient air temperature (Tamb, K) is set to be 298 K in winter, 303 K in spring and autumn, and 308 K in summer, respectively.



For the air section, the radiation exchanges between the walls inside the annular enclosure are evaluated by setting up the surface to surface (S2S) radiation model, in which the energy exchange parameters are accounted for by a geometric function, called the “view factor” [14]. The surface emissivity values are taken to be 0.9 and 0.7 for the cable surface and J-tube, respectively.



The natural flow in the air enclosure is expected to be turbulent, since the Rayleigh number based on the air section length is estimated to be larger than 109 [15]. The inside turbulent flow is modeled by the Reynolds-averaged Navier-Stokes (RANS) equations for conservation of momentum and the continuity equation for conservation of mass [16]. Although many different turbulence models exist, the standard k-ε model [16] is chosen to predict the turbulent effects. This is because the standard k-ε model achieves a good balance between the computing time and accuracy, while many other models, such as the SST-k-omega model, require enormous computer resources. It has also been demonstrated in [17] that the standard k-ε model can predict results with fairly good accuracy in the case of a tall vertical cavity with inside turbulent flow and surface to surface radiation, which is very similar to an enclosed J-tube.



The Boussinesq approximation is applied to model buoyancy effects inside the J-tube. It is valid due to the small temperature difference ΔT (K) between two vertical walls (less than 35 K in this study) [18], that is


βΔT≪1



(2)




where β is the thermal expansion coefficient (K−1). The buoyancy reference temperature and air properties are evaluated at the mean air temperature, which is obtained iteratively from the CFD solutions with initially estimated values.



In addition, the flow near the solid-fluid interfaces inside the J-tube is modeled using the wall function from [19,20], and these surfaces are modeled as no-slip walls, that is
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(3)




where u is the velocity in X direction (m/s); v is the velocity in Y direction (m/s); and, w is the velocity in Z direction (m/s).



The boundary-layer meshing technique is also used to ensure enough grid density within the boundary layers.



The dimensionless local cable CHTC hc,loc (W·m−2·K−1) and radiative heat transfer coefficient (RHTC) hr,loc (W·m−2·K−1) are defined as
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(4)
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(5)




where T is the fluid temperature (K); Th is the local cable surface temperature (K); Tc is the local J-tube inside surface temperature (K); and, qr is the cable radiative heat flux (W/m2).



The final step is defining the boundary conditions that are imposed on external surfaces above the sea level.



Modeling of the surface to ambient radiation is also achieved with the S2S radiation model.



The effect of solar radiation is modeled by boundary heat sources distributed uniformly on the external surfaces, that is,
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(6)




where qb is the boundary heat source (W/m2); α0 (dimensionless) is the absorptivity to solar radiation, which is assumed to be 0.95 for all external surfaces; qsun (W/m2) is the solar flux, which is set to be 1000 W/m2 according to IEC 60287-2 [21]; and, the additional 0.5 term is used since the solar flux can only affect half of the surface due to shadow.



Equivalent average CHTCs hcomb (W·m−2·K−1) is applied to external surfaces, that is
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(7)




where hnc (W·m−2·K−1) and hfc (W·m−2·K−1) are the heat transfer coefficients for natural convection and forced convection, respectively. The calculation methods can be found in [6].




3.3. Ventilated J-Tube Model


For the ventilated J-tube, the model is built on the basis of the enclosed J-tube model, and much of the design is similar to that of the enclosed case, with the only changes being some air vents on the J-tube, as shown in Figure 3.


Figure 3. Computational domain and boundary conditions from different views for the ventilated J-tube system: (a) view along the negative Z coordinate; and, (b) view along the positive Y coordinate.



[image: Energies 11 00545 g003]






Since the flow field inside the J-tube is closely associated with the external flow filed, the external air needs to be included in the computational domain, as shown in Figure 3. It should be noted that only the ambient air around the air section is modeled, and the equivalent CHTCs calculated by Equation (7) are applied on the external surfaces in the platform section. Thus, the domain height is equal to the Lair. It is considered that this simplification would have little impact on the rating that was obtained, since the platform section provides much less thermal limitation than the air section, and the rating mainly relies on the thermal environment between the cable and the J-tube in the air section. Therefore, for the air section, in the X and Y directions, −5.5 ≤ x/Do ≤ 10.5 and −4.5 ≤ y/Do ≤ 4.5, and in the Z direction, 0 ≤ z ≤ Lair.



The external flow across the J-tube is often turbulent, since the Reynolds number based on Do is estimated to be from 5 × 104 to 2 × 105 for wind speeds from 2.5 to 10 m/s [15]. The flow inside the tube is complicated, but the mean air speed should be much larger than that of the enclosed case due to the forced ventilation, and thus turbulent flow is also expected. The turbulent flow model that is applied in the enclosed case is also used here to solve the whole flow field in the computational domain. Besides, a boundary-layer meshing technique is also used to ensure enough grid density near the fluid-solid interfaces, especially near the vents.



The final step is defining the boundary conditions of the domain, as shown in Figure 3.



At the inlet of the domain, the mean wind speeds perpendicular to the inlet and uniform ambient air temperature Tamb are specified. Zero static pressure is specified at the outlet. No-slip wall conditions are imposed at the top and ground boundaries when considering the upper platform and the lower seawater (assumed to be solid). The lateral boundaries of the domain are modeled as slip walls, that is
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(8)





For all the boundaries of the domain except the inlet, adiabatic boundary conditions are assumed. This simplified assumption may affect the temperature and flow fields adjacent to the platform and the sea water, but it should have small impact on the whole temperature and flow fields due to the large volume of the air flowing into the domain.



Other boundary conditions, such as the temperature settings, surface to ambient radiation, and solar radiation, are same with those of the enclosed case.





4. Modeling Results and Analysis


The continuous rating results of enclosed J-tubes are calculated by different models, as described in Section 2 and Section 3. The rating calculation for ventilated J-tubes with the CFD model developed in Section 3 then follows. All of the CFD simulations are performed using heat transfer and CFD modules from COMSOL Multiphysics 5.3. In simulations, all of the governing equations are discretized by the FE method, a stationary segregated solver is used for each mode of physics separately, and all of the residuals are run down to less than 1 × 10−3. The season is summer if not otherwise specified.



4.1. Ratings of Enclosed J-Tubes


In CFD simulations, anywhere between 105,000 and 608,000 triangular mesh elements are used, depending on Lair from 1 to 9 m. Grid independence studies show that across quite a wide range, grid spacing exerts a very minor influence on the calculated peak temperature. For example, when Lair = 1 m and the wind speed is 5 m/s, the change of the peak temperature is less than 0.5% for the total grid number ranging from 105,000 to 313,000.



The conductor temperature profiles of the different 3D methods (the quasi-3D analytical method, the FE method, and the CFD method) are presented in Figure 4, in which the wind speed is 5 m/s and the load is 667 A. It is apparent that the temperature profiles of these 3D methods are very similar, the peak temperature point is approximately located at the center of the air section, and the temperature decreases towards both cooler sections due to the LHT. Besides, there is a small part of conductor in the hottest central air section, where the temperature remains nearly constant for Lair ≥ 5 m, that is, the LHT in this part of conductor has become very weak.


Figure 4. Temperature profiles for different three-dimensional (3D) methods.



[image: Energies 11 00545 g004]






Ratings results at a wind speed of 5 m/s are displayed in Figure 5. For Lair = 1 m (AR = 17), all 3D models predict much higher ratings than the 2D analytical method. However, due to the quickly diminishing LHT in the central air section, the gaps between all the 3D results and the 2D results decrease rapidly with the increasing Lair. In particular, the results of the methods from [4] are generally very close for Lair ≥ 5 m (AR = 86). The FE method predicts only a 0.6% higher rating than the 2D method for Lair = 5 m, which may be a result of the already very weak LHT in the central air section. This is because the total local cable heat transfer coefficients (HTCs) at the center of the air section of these two methods are very close, as shown in Table 2. In other words, the equivalent radial air thermal resistances of these two methods between the cable and the J-tube are very close.


Figure 5. Ratings for different air section lengths.
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Table 2. Comparison of local heat transfer coefficients (HTCs) and temperatures at the center of the air section (at 667 A).


	Method
	CFD
	2D
	Quasi-3D
	FE





	CHTC (W·m−2·K−1)
	1.337 (17.66%)
	2.224 (26.49%)
	2.224 (26.49%)
	2.242 (26.65%)



	RHTC (W·m−2·K−1)
	6.232 (82.34%)
	6.172 (73.51%)
	6.172 (73.51%)
	6.170 (73.35%)



	Total HTC (W·m−2·K−1)
	7.569 (100%)
	8.396 (100%)
	8.396 (100%)
	8.412 (100%)



	Conductor Temperature (°C)
	89.691
	88.054
	87.892
	87.564









It is also clear in Figure 5 that the CFD method gives the most pessimistic results of all the methods for Lair ≥ 3 m. For example, the CFD method predicts about 2.3% lower results than the 2D method for Lair = 5 m. This is because in the central air section the total local cable HTC of the CFD method is lower than that of the 2D method. Thus, even though the LHT (which is already not very effective) is considered, the CFD method still predicts higher peak temperature than the 2D method. Besides, it is also found in Table 2 that the main heat transfer inside the enclosed J-tube is via radiation, with less than 20% of total heat via natural convection. Thus, although the CHTC determined, empirically in the 2D method, is about 60% higher than the CFD value, the absolute value of the difference in CHTC is not very large, and hence the impact on the conductor temperature is not obvious.



Overall, the CFD model is in good agreement with the models in [4]. This can be seen as a validation of the CFD model developed for enclosed J-tubes. In addition, the successful application of the CFD technique to enclosed J-tubes provides evidence that the CFD technique could also be used to calculate cable ratings in ventilated J-tubes.



In addition, the impact of wind speed on the rating is also shown in Figure 6, in which the air section length is 5 m. It is found that a small increase of wind speed from 0 to 2.5 m/s could improve the rating by up to 85%. This is because when compared with the no-wind condition, the forced convection from the wind could take away a lot of heat from external surfaces and help cool the J-tube system significantly. Thus, the convection (mainly forced convection) becomes dominant in transferring heat outside the J-tube, with more than 80% of total heat transferred outside the J-tube via convection, as shown in Figure 6. However, when the wind speed continues to increase, the cooling effect quickly approaches its ultimate value and the improvement of rating diminishes rapidly. The rating increases by only 5.17% when the wind speed doubles from 5 to 10 m/s.


Figure 6. Ratings for different wind speeds.
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4.2. Ratings of Ventilated J-Tubes


The following section will test the performance of the ventilated design in which the natural wind is utilized, and the wind speed considered ranges from 2.5 to 10 m/s. Due to the limitation on computing resources, the length of the air section is chosen to be 3 m, which is considered to be sufficient to represent the improvement of rating and the thermal and fluid characteristics inside J-tubes with longer lengths. When the total number of tetrahedron meshes ranges from about 2,023,000 to 4,530,000, the change of the peak temperature is less than 1%. Thus, in the simulations for ventilated J-tubes, the total number of meshes is restricted to be about 2,023,000 to reduce the computing time. Besides, the free-air cable rating is also calculated by the 2D analytical method, in which the J-tube is assumed to be removed, that is, the forced CHTC from the wind is applied directly on the cable surface.



The rating results are shown in Figure 7. It is apparent that the introduction of forced ventilation enabled a significant increase in rating, with the improvement rising from 18.9 to 27.5% when the wind speed increases from 2.5 to 10 m/s. For the ventilated J-tube, the same increase of wind speed leads to approximately twice the rating increase for the unventilated case.


Figure 7. Comparisons of ratings at different wind speeds.
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Although the ratings are still below those that were predicted from the same cable with no J-tube covered, the ventilated design produced about 86.9–92.9% of the free-air rating for wind speeds from 2.5 to 10 m/s, while for the enclosed cases, these values ranged from 73.1 to 72.8%. In other words, the restriction on cable rating due to the J-tube is eased significantly. This improvement in rating is significant for OWFs where the J-tube is the potential thermal pinch point along the export circuit, especially at high wind speeds, since a huge OWF output may be reached.



The conductor temperature distributions for the ventilated and unventilated J-tubes at a load of 915 A are presented in Figure 8. It is apparent that the temperature in the air section experiences a significant drop when the J-tube becomes ventilated, and the lowest conductor temperature points are located in positions right to the vents. The main reason for the drop of conductor temperature is that the effect of convection inside the J-tube has been enhanced greatly due to the forced ventilation, which enables much more heat to be transferred via convection.


Figure 8. Conductor temperature profiles when the wind speed is 10 m/s.
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As shown in Table 3, inside the enclosed J-tube the natural convection allows for only a small part of heat to be transferred to the J-tube (13% at 2.5 m/s). Thus, most of the heat generated in the cable is via S2S radiation, and the thermal environment between the cable and the J-tube is poor. In contrast, the inside heat transfer modes changed greatly in the ventilated case, and the inside air convection plays a much greater role in heat transfer. About 60% of heat that is generated in the cable is via convection at 2.5 m/s. The heat via radiation shows a dramatic drop by about 39%, with the remainder transferred longitudinally through the cross sections where the air section meets other two cooler sections. The enhanced effect of convection enables much more total heat to be transferred outside the cable before the limit of the conductor temperature is reached, that is, the thermal environment inside the J-tube has been improved greatly.



Table 3. Heat transfer modes for the heat generated in the cable in the air section.



	
Parameter

	
2.5 m/s

	
10 m/s




	
Ventilated

	
Enclosed

	
Ventilated

	
Enclosed






	
Rating

	
755 A

	
635 A

	
915 A

	
717 A




	
Total

	
225.98 W (100%)

	
161.35 W (100%)

	
329.91 W (100%)

	
204.40 W (100%)




	
Convection

	
135.64 W (60.0%)

	
20.76 W (12.9%)

	
254.02 W (77.00%)

	
33.41 W (16.35%)




	
Radiation

	
75.95 W (33.6%)

	
117.05 W (72.5%)

	
65.15 W (19.74%)

	
147.66 W (72.24%)




	
LHT

	
14.39 W (6.4%)

	
23.54 W (14.6%)

	
10.74 W (3.26%)

	
23.33 W (11.41%)










The enhanced inside convection is first due to the much larger inside air flowing speed when compared with the enclosed case. As is shown in Table 4, the overall inside air flows much faster than in the enclosed case, and with the increasing external wind speed, the inside air moves more quickly and the effect of convection is also improved.



Table 4. Mean air temperatures and velocities inside the ventilated and enclosed J-tubes.



	
Wind Speed (m/s)

	
Mean Air Velocity (m·s−1)

	
Mean Air Temperature (°C)




	
Ventilated

	
Enclosed

	
Ventilated

	
Enclosed






	
2.5

	
0.274

	
0.025

	
45.855

	
58.578




	
5

	
0.631

	
0.028

	
41.525

	
53.734




	
7.5

	
0.953

	
0.030

	
39.990

	
51.447




	
10

	
1.276

	
0.032

	
39.087

	
50.356










The inside air velocity profile is shown in Figure 9. Horizontally, the air near the intakes and the cable surface have much larger speed when compared with other places, which helps the heat transfer from the cable to the flowing air. Vertically, the air near the intake is moving the most quickly, thus the small sections of cable right to the vents receive the best cooling effects and experience the most temperature decrease. Although the air speed decreases rapidly while the air flows upward or downward from the intake, the air away from the intake is still motivated to move much faster, which is shown in the mean velocities across several air cross sections with different Z coordinates (Table 5). This change means the sections of cable away from the vents could also directly benefit from the forced ventilation, thus the conductor temperature along the whole air section would clearly decrease.


Figure 9. Inside air velocity profiles at an external wind speed of 10 m/s: (a) velocity profile in a horizontal cross section at z = 1000 mm; and, (b) velocity profile in a vertical cross section at y = 25 mm.
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Table 5. Mean air temperatures and velocities on different air cross sections.



	
Z Coordination (m)

	
Mean Air Velocity (m·s−1)

	
Mean Air Temperature (°C)




	
Ventilated

	
Enclosed

	
Ventilated

	
Enclosed






	
0.5

	
0.214

	
0.019

	
48.753

	
57.968




	
1.5

	
0.155

	
0.029

	
45.839

	
60.710




	
2.5

	
0.190

	
0.030

	
51.790

	
60.014










The increased effect of convection is also related to the much lower inside air temperature compared with the enclosed case. It is clear in Table 4 and Table 5 that, due to the cooler air flowing into the J-tube, the mean air temperature inside the J-tube decreases by more than 10 °C, and the air away from the vents could also become much cooler.



It is also found that nearly all heat transferred outside the cable via convection is further taken away outside the J-tube through the vents, and a small part of heat generated due to the solar radiation on external surfaces is transferred to the ambient via the convection inside the J-tube (7.3% at 2.5 m/s). This is because of the lower inside mean air temperature as compared with the mean J-tube temperature (52.5 °C at 2.5 m/s). This is very different from the enclosed case, where heat generated in the cable is transferred to the J-tube and further, together with the heat that is generated due to the solar radiation, transferred to the ambient via outside convection and radiation.




4.3. Sensitivity Analysis


A comparative sensitivity analysis was undertaken with respect to some important factors. In the analysis the air section length is 3 m, which should not influence the following conclusions about these factors.



4.3.1. Ambient Temperature


In different seasons, the ambient temperature may vary a lot. The rating results in different seasons are shown in Table 6.



Table 6. Continuous ratings in different seasons.



	
Season

	
Ambient Temperature (°C)

	
Ventilated Design

	
Unventilated Design




	
2.5 m/s

	
10 m/s

	
2.5 m/s

	
10 m/s






	
Summer

	
35 °C

	
755 A

	
915 A

	
635 A

	
717 A




	
Spring/Autumn

	
30 °C

	
797 A

	
958 A

	
671 A

	
750 A




	
Winter

	
25 °C

	
836 A

	
993 A

	
704 A

	
780 A










The decrease in ambient temperature by 5 °C increases the rating by about 40 A for the ventilated design, while there is less of an improvement for the enclosed design (30 A). The difference in improvement may be because the cooler ambient air can flow into the ventilated J-tube and bring a more obvious improvement for the inside thermal environment, while the cooler air can only directly influence the external surfaces of the enclosed J-tube.




4.3.2. Solar Radiation


In the simulation models, the intensity of solar radiation can be changed by different boundary heat sources applied on external surfaces, and the impact of solar radiation on rating is shown in Figure 10. It is found that the ventilated design is less sensitive to the solar radiation than the unventilated design. For a wind speed of 2.5 m/s, a 100 W/m2 increase in solar radiation reduces the rating by about 97 A for the ventilated design, while a further 31 A reduction is seen for the enclosed case. This is because the thermal environment inside the ventilated J-tube is much better, and the inside convection could also take away a part of the increased heat due to the stronger sunlight. Thus, the solar radiation has smaller impact on the conductor temperature.


Figure 10. Ratings for different intensities of solar radiation.
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In addition, it is apparent that the impact of solar radiation becomes smaller at higher wind speeds. An increase in solar radiation of between 500 and 1500 W/m2 leads to an about 59 A rating decrease at 2.5 m/s, while the change is only about 19 A at 10 m/s. This is because higher wind speed means more effective forced convection on external surfaces. Thus, more generated heat due to the enhanced sunlight can be removed from external surfaces.




4.3.3. J-Tube Emissivity


The emissivity of the J-tube may be affected by finish and the material. The unventilated J-tube rating is quite sensitive to the emissivity. Taking the wind speed of 2.5 m/s as an example, an increase of emissivity from 0.5 to 0.9 produces an increase in rating of 48 A. This is mainly due to the dominance of radiation in heat transfer inside the J-tube, and thus the increased emissivity produces a clear promotion of the inside heat exchange. The second but much less important cause is the larger emissivity, which also allows for more heat to be transferred outside J-tube via radiation, but the proportion of heat via radiation is much lower (about 18% at 2.5 m/s). For the ventilated design, a smaller effect is seen (19 A), which is expected since much more heat transfer inside the J-tube occurs via air convection rather than through radiation.






5. Conclusions


The performance of a forced ventilation design utilizing natural wind for the OWF J-tube was evaluated using a developed 3D CFD model, since no methods for such ventilated J-tube existed previously. The CFD technique was first applied to enclosed J-tubes, and the results showed that the CFD model for the enclosed design predicted overall close but slightly more conservative ratings, as compared to the existing methods in [4]. This is a validation of the CFD method.



As expected, the application of the CFD model to the ventilated design resulted in a significant improvement in rating due to the forced ventilation, which ranged from 18.8 to 27.5% for wind speeds from 2.5 to 10 m/s. The ventilated design produced up to 86.9–92.9% of the free air rating for wind speeds from 2.5 to 10 m/s. It was also found that the inside heat transfer modes changed a lot due to the forced ventilation—the heat via convection accounted for more than 60% of the total heat generated in the cable in the air section, while this proportion was less than 20% in the enclosed case. The effect of convection would also enhance with the increased external wind speed and the decreased ambient air temperature. In addition, the sensitivity analysis also found that the impacts of solar radiation and J-tube emissivity were smaller for the ventilated J-tube when compared with the enclosed J-tube.



This rating upgrade is believed to be significant for OWFs where the rating of the J-tube may limit the OWF output, especially at high wind speeds. Benefits also include the capital saved, as there is no need to add extra cables or enlarge the conductor size.



Future works include the experimental verification of the CFD model for a ventilated design. Besides, the application of many other different turbulent models should also be considered, but only if sufficient computer resources are available.







Acknowledgments


The work described in this paper was fully supported by a research grant from Guangdong Electric Power Design Institute Co. Ltd. of China Energy Engineering Group (Project No. EX02061W).




Author Contributions


This paper is a result of the collaboration of all co-authors. Gang Liu conceived the study. Lei You designed the study, established the model, implemented the simulations, and drafted the manuscript. Jian Wang guided and revised the paper. Hui Ma refined the language. Ming Zheng collected the references. All authors read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature








	Variables
	



	hc
	the average cable surface CHTC, W·m−2·K−1



	λ
	thermal conductivity of air, W·m−1·K−1



	δgap
	radius gap of the vertical annulus in the air section, m



	Ra
	Rayleigh number based on δgap, dimensionless



	AR
	aspect ratio, dimensionless



	K
	radius ratio, dimensionless



	Tamb
	ambient air temperature, K



	ΔT
	temperature difference between two vertical walls in the air section, K



	u
	velocity in X direction, m/s



	v
	velocity in Y direction, m/s



	w
	velocity in Z direction, m/s



	T
	fluid temperature, K



	Th
	local cable surface temperature, K



	Tc
	local J-tube inside surface temperature, K



	qr
	cable radiative heat flux, W/m2



	qb
	boundary heat source due to solar radiation, W/m2



	α0
	absorptivity to solar radiation, dimensionless



	qsun
	solar flux, W/m2



	hcomb
	equivalent average CHTCs applied on external surfaces, W·m−2·K−1



	hnc
	heat transfer coefficients for natural convection, W·m−2·K−1



	hfc
	heat transfer coefficients for forced convection, W·m−2·K−1







Abbreviations




	OWF
	offshore wind farm



	3D
	three-dimensional



	CFD
	computational fluid dynamics



	2D
	Two-dimensional



	CHTC
	convective heat transfer coefficient



	LHT
	longitudinal heat transfer



	FE
	Finite Element



	Lair
	length of the air section



	Do
	outer diameter of the J-tube



	S2S
	surface to surface



	RANS
	Reynolds-averaged Navier-Stokes



	RHTC
	radiative heat transfer coefficient



	HTC
	heat transfer coefficient
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