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Abstract

:

Featured Application


This work aims to provide a good estimation of wind loads on a solar panel to ensure proper operation under the extreme wind strength and wave climates. The data will be also useful for the design of a mooring system.




Abstract


A solar photovoltaic system consists of tilted panels and is prone to extreme wind loads during hurricanes or typhoons. To ensure the proper functioning of the system, it is important to determine its aerodynamic characteristics. Offshore photovoltaic (PV) systems have been developed in recent years. Wind loads are associated with wind, wave climates, and tidal regimes. In this study, the orientation of a single panel is adjusted to different angles of tilt (10°–80°) and angles of incidence for wind (0°–180°) that are pertinent to offshore PV panels. The critical wind loads on a tilted panel are observed at lower angles of incidence for the wind, when the angle of tilt for the panel is greater than 30°.
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1. Introduction


Renewable energy is an integral part of the worldwide measures to address climate change and reduce environmental pollution. Power generation from photovoltaic (PV) systems is one of the most promising substitutes to the use of fossil fuel. The total capacity in operation was 303 GW in 2016 and 402 GW in 2017, which corresponds to energy supplies of 375 TWh in 2016 and 494 TWh in 2017 (20.4% of the global renewable energy supply) [1]. PV panels are usually mounted on the rooftops of residential or commercial buildings. The systems are generally smaller than ground-mounted PV systems, for which land occupancy is a potential problem. PV systems that float on reservoirs or lakes use a pontoon structure for buoyancy, and there is a reduction in water evaporation and the temperature of solar cells. Trapani and Santafe [2] reviewed projects with floating PV systems from 2007 to 2013, and more installations are expected in the near future. Oceans cover approximately 71% of the Earth’s surface, and offshore environments can take full advantage of solar energy. Offshore PV systems have been proposed recently [3,4]. However, these installations are subject to greater wind loads in severe sea wave environments.



A PV system consists of tilted panels. Any PV system design requires an accurate estimation of wind-induced loads in order to ensure proper function. Many studies determine the aerodynamic characteristics of tilted panels or their supporting structure. Naeiji et al. [5] showed that the most critical parameter is the angle at which the panel is tilted, α. Wind-induced loads are primarily due to pressure equalization for small angles of tilt and turbulence for large angles [6,7]. For a stand-alone panel that faces the direction of flow, Chung et al. [8] showed that an increase in α (15°–25°) results in a decrease in the unit sectional uplift coefficient in a uniform flow. There are strong suction forces near the front edge on the upper surface and slight wind-induced pressure on the lower surface. The mean spanwise pressure distributions have an inverted U-shape, which corresponds to the corner vortices. For the extreme cases of open terrain exposure, Stathopoulos et al. [9] showed that an increase in α (20°–45°) leads to greater suction, and peak suction occurs at α = 45°. An increase in the intensity of the freestream turbulence results in the upstream movement of a separation bubble and side-edge vortices. More intense pressure fluctuations and bending moments have been observed [10]. Aly [11] also showed that discrepancies in the available wind tunnel data may be due to the characteristics of the inflow turbulence. Chou et al. [12] studied the effect of wind direction, β. When β = 15°–60°, there is greater suction on the upper surface near the windward corner. Chu and Tsao [13] showed that the maximum wind load occurs at β = 45°. There are maximum overturning moments for β = 45° and 135° [14]. A sheltering effect was reported by Radu et al. [15]. The wind loads on the tilted panels are significantly reduced by the presence of neighboring upwind panels, and the degree of reduction decreases quickly. Warsido et al. [16] also had similar results.



To harness solar energy, the performance of a PV system depends significantly on the angle at which the PV panels are tilted, their orientation, and shadowing [17,18,19]. The optimal value for α is achieved when the sunlight is perpendicular to the surface of the PV panels. Designs for a PV system often use wind loading standards, such as the American Society Civil Engineers (ASCE 7) [7,20], in order to calculate wind loads. However, wind loads can be larger than the ASCE 7 standard [21]. For PV panels floating directly on the surface of water, Trapani et al. [3] showed that the system is subject to salt water corrosion and to the dynamics of tides, wind, and waves. In extreme winds and waves, the wind loads on the PV panels in a harsh sea environment are not the same as the load on the PV panels that are on land. This study conducts a wind load analysis using wind tunnel experiment and numerical simulation for a stand-alone panel at high α. The effect of β is also determined. The data is useful for the detailed structural design of offshore PV panels.




2. Experimental Setup


Experiments were conducted in a wind tunnel at the Architecture and Building Research Institute. The tunnel is a closed-loop type with a contraction ratio of 4.71. The constant-area test section is 2.6 m (height) × 4 m (width) × 36.5 m (length). For a stand-alone panel (60%-scale commercial module), the test configuration is shown in Figure 1. The length (L) and width (W) are 120 cm and 60 cm, respectively. At x/L = 1.0, the panel is 3 cm above the tunnel floor. The blockage ratio is up to 6.3%. Note that a blockage correction is required for the mean surface pressure for a tilted panel if the blockage ratio is more than 10% [22].



This study determined the effect of α and β. Meteorological data (wave, wind, tide, and current) were collected from three near-shore buoys in Taiwan (Qigu, 23°05”42”N, 120°00’27”E; Hsinchu, 24°45”19”N, 120°50’12”E; and Longdong, 25°05”48”N, 121°55’19”E) [23]. In Qigu, the wind rose for the period of 2013–2017, and is shown in Figure 2. The most common values of β are 210°–225° and 315°–360°. Note that the wind direction is 30°–45° in Hsinchu, and 0° in Longdong. The inclination of the PV panels depends on the waves. The historical data for typhoons shows that the maximum wave height and wind speed in Longdong are 17.12 m (mean period = 12.5 s during typhoon Soudelor, 2015) and 26.7 m/s (mean period = 11.8 s during typhoon Soulik, 2013), respectively. The variation in α for the PV panels with respect to wind is ±45°. Therefore, the setup for α is 10°–80° (in increments of 10°). The value for β ranges from 0° (facing the direction of the wind) to 180° (in increments of 15°). Note that the angle between the PV panels and their base is not changed in sea wave environments, which is not exactly the same as the case for the experimental setup.



The experiments were conducted in a uniform flow. The freestream velocity was set at 14.5 ± 0.1 m/s, measured using a Pitot-static tube, and the turbulence intensity was 0.3%. Chung et al. [24] showed that there is greater expansion on the upper surface, and more positive pressure on the lower surface of a tilted panel when the intensity of the turbulence increases. The front edge of the test model was located 2.8 m from the inlet of the working section. A Reynolds number of 1.17 × 106 is based on the length of the tilted panel. Chung et al. [25] reported that a tilted panel is not affected by the Reynolds number.



A total of 330 pressure taps were drilled on the test model and were connected to flexible polyvinyl chloride tubing that is 1.1-mm in diameter and 60-cm in length, so the phase distortion has little effect on the measured peak pressure [26]. As there are strong pressure gradients (flow separation and reattachment) near the front edge of the tilted panel, 92% pressure taps were machined on the first two-thirds of the upper and lower plate surfaces. SCANVALVE multichannel modules (Model ZOC 33/64Px 64-port; Model RAD3200 pressure transducer) were used for the surface pressure measurements. The full-scale range of the sensors was ±2490 Pa, with an accuracy of ±0.15% full scale. The sampling rate was 250 Hz and each record contained 32,768 data points. A Pitot-static tube, which was at the same height as the front edge of the tilted panel and 2.8 m from the inlet of the working section, was used to measure the static pressure, p∞, and the dynamic pressure, q, of the incoming flow. The mean surface pressure coefficient was given as Cp (=(p–p∞)/q). The uplift coefficient, CL (=1A∫A∆Cpcos(α)dA), was calculated by integrating the differential mean surface pressure distributions (ΔCp = Cp,up − Cp,low) between the upper and lower surfaces of the tilted panel.




3. Results and Discussion


3.1. Longitudinal Pressure Distributions


The Cp distributions on the centerline (y/W = 0.5) for β = 0° are shown in Figure 3. The origin of the coordinates (x/L = 0 and y/W = 0) is located at the left corner of the tilted panel. The solid and hollow symbols represent the value of Cp on the upper and lower surface, respectively. Suction, which corresponds to flow separation, is observed on the upper surface for all of the test cases. For α = 30°, the value of Cp decreases significantly near the front edge, reaches a peak value of −1.66, and approaches a more moderate level in the second half of the panel. At larger angles of tilt (α ≥ 50°), there are flattened Cp distributions, for which the value of Cp ( −0.72 to −0.82) for a specific value of α varies by less than 4%. On the lower surface, there is a slight expansion near the front and rear edges for α = 10°. Positive pressure is observed and the magnitude increases as α increases. This shows that the localized load is the most significant near the front edge for α = 30°. There is also a slight variation in the magnitude of Cp (0.91 to 0.93) for α = 50°–80°, so the uplift lift force is approximately constant for larger angles of tilt (α ≥ 50°), when β = 0°.



The Cp distributions for β = 30°, 45°, and 135° are shown in Figure 4, Figure 5 and Figure 6. These correspond to the most common direction for the wind for the meteorological data. For β = 30° and 45°, there is greater suction on the upper surface for α = 10° and 20°. A flow expansion in the second half of the panel is also observed, particularly for β = 45°. This agrees with the results of Chou et al. [12]. Suction near the front edge is mitigated for α = 30°, and there is a flatter Cp distribution. The value of Cp is approximately the same for α = 40°–80° (−0.701 to −0.711), and the effect of α is minimal. Its amplitude increases slightly more than that for β = 0° (Cp = −0.743 to −0.756). For β = 135°, a small degree of suction is observed near the front face, and the value of Cp increases downstream. The value of α has an obvious effect, in that the amplitude of Cp increases as α increases. There is a slight flow expansion near the rear edge for α = 10° and 20°. On the lower surface for β = 30° and 45°, there is a fairly uniform Cp distribution for specific values of α. The value of Cp is positive, except for the case of α = 10° near the rear edge. This shows that the uplift force increases as α increases. Suction on the lower surface for β = 135° produces greater downward force, particularly for α ≥ 30°.




3.2. Spanwise Pressure Distributions


At x/L = 0.5, the spanwise pressure, Csp, and distributions for β = 0° are shown in Figure 7. There is suction (negative Csp) on the upper surface for all of the test cases. Inverted U-shaped distributions are observed for small α, particularly for α = 20° and 30°. This produces strong corner vortices, which is in agreement with the results of Chung et al. [10]. For α ≥ 40°, the Csp distributions show a small degree of variation. On the lower surface, the footprints of the corner vortices are also visible. The peak value of Csp (0.29 to 0.99) at y/W = 0.5 increases as α increases. The increase in Csp as α increases is more significant for α ≤ 50°.



Figure 8 and Figure 9 show that β = 30° and 45°. There are flattened Csp distributions in the left half of the panel for α = 10° and 20°. The expansion and compression near the right edge corresponds to the formation of a separation bubble or corner vortices. The variation in Csp for α ≥ 40° is less than 3%. An increase in the value of Csp (−0.738 to −0.693) is associated with greater α (less suction). An increase in the value of Csp is observed from the left to the right edges, so there is a greater uplift force near the right edge. Figure 10 shows that for β = 135°, the wind blows over the lower surface of the tilted panel. The Csp distributions on the lower surface show similar patterns to those on the upper surface for β = 45°. This demonstrates that there is an increase in the downward force from the left to right edges.




3.3. The Uplift Coefficient


The value of CL is calculated by integrating ΔCp. Examples of Cp distributions on the upper and lower surface (α = 30° and β = 0°) are shown in Figure 11. There is a symmetrical spanwise pressure distribution with respect to y/W = 0.5. The flow expansion and corner vortices on the first half of the panel result in a relatively large negative value of Cp for the upper surface. A positive value of Cp is observed on the lower surface. Near the front and rear edges, a more positive value for Cp corresponds to the blocking effect of the tilted panel.



The variation in CL with respect to α and β is shown in Figure 12. The value of CL (uplift force) is negative for β < 90°, and is relatively small for β = 90°. The lowest value for CL is for α = 30° to 40°. This is similar to the observation by Stathopoulos et al., who noted that peak suction occurs at α = 45° [9]. The positive value for CL for β ≥ 105° represents a downward force. A kink is also observed at α = 50°.



For a specific value of β, the effect of α on CL is shown in Figure 13. For β ≤ 75°, CL decreases linearly as α increases (≤30°), following an increase for α = 50°. The value of CL at high α (60° to 80°) is approximately the same as that at α = 30° and 40°. Wind loads on a tilted panel at lower β require caution at the design stage. An opposite effect is observed for β ≥ 90°. The variation of CL with α (≥60°) is minimal. The value of CL also varies linearly with α (≤30°) for a specific value of β. Figure 14 shows that the value of CL increases as the value of α increases. The value of dCL/dα increases from a negative to a positive value when there is an increase in β. Therefore, the uplift force is more significant at lower values of β, so dCL/dα = −0.0542 + 7.376 × 10−4β − 1.67 × 10−6β2. Figure 15 shows the effect of β on CL for a specific value of α. For α = 10° and 20°, the value of CL decreases initially and the lowest value of CL is for β = 30°, following an increase in CL with β. There is a smaller variation in CL for β ≥ 120°. For α ≥ 30°, the value of CL increases as the value of β increases.



For the numerical study, 3D incompressible RANS simulations of wind flow over a stand-alone PV panel in full scale were performed using a steady finite volume solver of second-order accuracy (ANSYS Fluent 13) for the value of α of 10° to 40° (in increments of 10°) and the value of β of 0° to 180° (in increments of 45°). The semi-implicit method for the pressure-linked equation (SIMPLE) is used. The SST κ-ω turbulence model [27] models flows with separation reasonably well. However, it is necessary to mesh down (wall spacing; y+ ~ 1). Therefore, this parametric study uses the realizable κ-ε turbulence model (y+ ~ 30) [28], in which a modified transport equation for the dissipation rate is derived from an exact equation for the transport of the mean-square vorticity equation. The computational domain is an upstream fetch of 5 L and a downstream length of 10 L. The height and width are 5 L and 6 L, respectively.



The grid is created using the grid generating software, Pointwise. Once a solution is obtained and the value of y+ for the first grid point from the wall is verified, the grid sensitivity (number of grids, G = 20–40.0 million) is performed using the value of Cp on the upper and lower surfaces for α = 10° and β = 0°. The difference in Cp for G = 35 and 40 million is less than 1.5%. Therefore, the total number of unstructured grids that is used is approximately 35 million.



At the domain inlet, there is a uniform freestream flow of 15 m/s. The results are shown in Figure 16. For α = 10°–40°, the variations in the value of CL with β is similar to that for the experimental data. The maximum difference between the numerical and experimental results is up to 18%, which occurs for the peak value of CL or stronger corner vortices for a specific value of α (i.e., β = 45° for α = 10° and 20°). Further study of the effect of scaling on the wind flow field is required.





4. Conclusions


Meteorological data were collected from three near-shore buoys in Taiwan. For a sea wave environment, this study determines the effect of α and β on wind loads on a tilted panel. At lower angles of tilt (≤40°), the experimental results agree with those of previous studies. Greater suction on the upper surface produces flow expansion and corner vortices. The uplift force increases linearly with α. When there is an increase in β, expansion and compression are observed near the right edge, which produce a greater uplift force. The increase in the uplift coefficient with α changes from a negative to a positive value (dCL/dα = −0.0542 + 7.376 × 10−4β − 1.673 × 10−6β2 for α ≤ 30°). The variation of CL with β using a numerical simulation is similar to that for the experimental data. At high angles of tilt, there is a kink in the curve for CL at α = 50°. A small variation in CL is observed at high angles of tilt (≥60°), for which the magnitude is approximately the same as that at α = 30° and 40°. Caution is necessary when there are wind loads on a tilted panel at lower values of β, when the value of α is greater than 30°.
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Nomenclature




	CL
	uplift coefficient



	Cp
	pressure coefficient in the longitudinal direction, (p–p∞)/q



	Cp,low
	pressure coefficient on the lower surface



	Csp
	pressure coefficient in the spanwise direction



	Cp,up
	pressure coefficient on the upper surface



	L
	length of tilted panel



	p∞
	freestream static pressure



	q
	dynamic pressure



	W
	width of tilted panel



	x
	coordinate in the longitudinal direction



	y
	coordinate in the spanwise direction



	α
	angle of tilt



	β
	wind incidence angle



	ΔCp
	differential pressure, Cp,up − Cp,low
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Figure 1. Test configuration for a stand-alone model. 
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Figure 2. Probability distribution for the incidence of wind for the Qigu buoy (2013–2017). 
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Figure 3. Mean longitudinal pressure distributions at y/W = 0.5; β = 0°. 
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Figure 4. Mean longitudinal pressure distributions at y/W = 0.5; β = 30°. 
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Figure 5. Mean longitudinal pressure distributions at y/W = 0.5; β = 45°. 
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Figure 6. Mean longitudinal pressure distributions at y/W = 0.5; β = 135°. 
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Figure 7. Mean spanwise pressure distributions at x/L = 0.5; β = 0°. 
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Figure 8. Mean spanwise pressure distributions at x/L = 0.5; β = 30°. 
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Figure 9. Mean spanwise pressure distributions at x/L = 0.5; β = 45°. 
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Figure 10. Mean spanwise pressure distributions at x/L = 0.5; β = 135°. 
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Figure 11. Pressure coefficient contours for α = 30° and β = 0° for (a) the upper surface and (b) the lower surface. 
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Figure 12. Uplift coefficient. 
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Figure 13. Uplift coefficient for a specific value of β. 
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Figure 14. The effect of β on dCL/dα. 
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Figure 15. Uplift coefficient for a specific value of α. 
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Figure 16. Uplift coefficient: numerical and experimental results. 
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