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This work studied the wind load acting on a point focus solar furnace composed of a 110 m2 heliostat and a 77 m2 concentrator through wind tunnel testing. Based on wind tunnel test data under 305 different working conditions, the variation laws of the wind pressure coefficient, power spectral density, and wind load coefficient of the heliostat and concentrator were analyzed. The results showed that due to the interaction between the concentrator and heliostat, the wind speed near the heliostat and concentrator decreased but the turbulence intensity increased, which caused the peak wind load coefficient to rise slightly. The results suggested that a safety factor of 1.1–1.2 should be considered for structural design and optimization of solar furnaces.
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1 INTRODUCTION
Small- and medium-sized solar furnaces generally consist of a flat heliostat and a parabolic concentrator, as shown in Figure 1. The heliostat is designed with a dual-axis tracking system to guarantee the accuracy of sun tracking and to reflect the sunlight to the fixed concentrator, which focuses a large area of sunlight on a small spot where the receiver or reactor is positioned (Roldán and Monterreal, 2014; Zhang et al., 2018). The ultra-high temperature and high density that can be obtained in the focal spot provide heat for experimental research on material properties, chemical reactions, and device performance under high-temperature environments (Müller-Trefzer et al., 2021; Behar et al., 2022; Yu et al., 2022). Point focus solar furnaces have the great advantages of a fixed focal spot position, good operational convenience, and ideal working conditions. Development prospects are significant for the wide application of solar furnaces in the fields of renewable energy, chemistry, chemical engineering, military, and aerospace (Neumann and Groer, 1996; Zhang et al., 2018).
[image: Figure 1]FIGURE 1 | Working principal of point focus solar furnaces.
The wind load analysis is significant for solar furnace development because wind load deforms the structure of the heliostat and concentrator to some degree. This deformation leads to a change in the optical path and affects the heat-collecting efficiency of the entire system. Compared with the concentrator, the heliostat is more sensitive to the wind load. When the wind load is too large, it may even cause collapse and damage to the heliostat, resulting in significant economic losses. Therefore, it is very important to study the wind load variation law of solar furnaces, especially that of the heliostat.
Many teams have continuously optimized solar furnaces from multiple perspectives (Garcia et al., 2019; El-Leathy et al., 2022; García et al., 2022). Many studies have reported on the wind load of isolated heliostats, heliostat fields, and concentrators. Peterka et al. (1989) measured the mean wind load and peak wind load on rectangular and circular heliostats; the results showed that the wind load was higher than the predicted value due to the presence of turbulence. Pfahl et al. (2011) studied the wind load coefficients on heliostats of various aspect ratios in wind tunnel measurements. Wu et al. (2010) studied the wind load on heliostats with different gap sizes between the facets, in which the results showed that the influence of the current gap size was negligible. Emes et al. (2017) and Emes et al. (2020) studied the correlation between the peak wind load coefficients on a heliostat and the turbulence characteristics to optimize the size of the heliostat and reduce the cost. The authors also studied the impact of turbulence on the cost of the heliostat. Gong et al. (2013) measured the wind pressures on a heliostat and analyzed the fluctuating wind pressure characteristics. Zang et al. (2014) used an AR mathematical model to simulate the time history of wind velocity fluctuation and then performed modal and transient analyses. Blume et al. (2020) used a dynamic photogrammetry system to capture the wind-induced response. Xiong et al. (2019) used a uniform design method and regression equations to simplify the test conditions of the wind tunnel test. The layout of the heliostat field mainly considers optical efficiency rather than wind load, and the wind load on the heliostat is strongly correlated with the field density (Noone et al., 2012). Sment and Ho (2014) and Emes et al. (2018) studied the heliostat wake and the heliostat load. The research showed that for the heliostat field, the wind load coefficient of the second row of heliostats decreased, and the average wind speed decreased but the turbulence increased. Ma (2010), Wu (2015), and Zhu (2016) studied the interference effect of the heliostat field and the distribution of wind pressure based on numerical simulation. Naeeni and Yaghoubi (2007) studied the wind load on a parabolic collector through wind tunnel testing and numerical simulation. Gong et al. (2012) studied the wind load characteristics and wind pressure distribution of parabolic trough solar collectors by field measurement. Zou et al. (2015), Zou et al. (2017), and Zou et al. (2021) studied the wind load coefficient of a parabolic collector on a flat roof and on the ground, and compared the differences caused by the environment. He et al. (2014) studied the wind load of a dish concentrator through numerical simulation.
For point focus solar furnaces, the heliostat and concentrator affect each other’s wind pressure distribution and other wind load characteristics. The structures and sizes of the concentrator and heliostat are completely different. Therefore, the wind environment of the heliostat of point focus solar furnaces differs not only from the isolated heliostat but also from the heliostat field. The size and structure of the solar furnace concentrator also differ from parabolic trough solar collectors and dish concentrators. Relevant research on the wind load of solar furnace is currently lacking. Therefore, this study assessed the wind pressure distribution and wind load coefficient of a solar furnace based on wind tunnel tests, and provides a technology reference for the structural design and optimization of the solar furnace.
2 OVERVIEW OF THE WIND TUNNEL TEST
2.1 Test equipment
The experiments were conducted in the atmospheric boundary layer wind tunnel at the Badaling Concentrated Solar Power Platform of Institute of Electrical Engineering of the Chinese Academy of Sciences, Yanqing District, Beijing, as shown in Figure 2. The test section of the wind tunnel is 20 m long, 3 m wide, and 2.5 m high.
[image: Figure 2]FIGURE 2 | Atmospheric boundary layer wind tunnel. (A) Photograph of the wind tunnel. (B) Schematic drawing of the wind tunnel section.
In this experiment, the wind pressure distribution of the heliostat model was measured by the electronic scanning pressure measurement system. Pressure measuring holes were arranged on the surface of the model, which were connected to the electronic scanning valve body through the pressure measuring pipeline. The surface pressure signal of the model was measured synchronously at high frequency. The scanivalve electronic scanning pressure measurement system used in this experiment was a high-precision, high-frequency, real-time, multi-channel pressure signal test system. The 512 channels in a single module can perform accurate measurements under a wide range of temperature changes (from 0°C to 80°C). The accuracy of pressure measurement was up to 1/1000 N, and the sampling frequency was up to 12 kHz.
2.2 Test model
This experiment used a heliostat model with an adjustable elevation angle and a concentrator model, as shown in Figure 3A. The models accurately simulated the supporting structure of the prototype, which is shown in Figure 3B. The prototype of the heliostat had a net reflective area of 110 m2 and the aperture of the concentrator was approximately 77 m2. The geometric dimension ratio of the test model to the prototype was 1: 20.
[image: Figure 3]FIGURE 3 | Test model and prototype. (A) Heliostat and concentrator models. (B) Point focus solar furnace prototype.
This test model was mainly made of acrylonitrile butadiene styrene plastic, while the horizontal axis support, strut, and pedestal were made of steel to ensure the rigidity of the model and the adjustment of various elevation angles. The pressure measuring pipeline was encapsulated inside a mirror reflector, which ensures that the wind field around the models was not disturbed by the pressure measuring pipeline.
The mirror reflector of the heliostat model contained 170 measuring points on its surface, located on both the front and back. Among them, 6 × 9 = 54 measuring points were evenly distributed, while the measuring points at the corners were clustered. The surface of the mirror reflector of the concentrator model contained 246 measuring points located on both the front and back. Among them, 9 × 11 = 99 measuring points were evenly distributed, while the measuring points at the corners were encrypted.
2.3 Test conditions
In the wind tunnel test, for the heliostat of a point focus solar furnace, each test condition constituted each wind direction angle of the heliostat, each wind direction angle of the concentrator, and the elevation angle. The wind direction angle of the concentrator was related to the wind direction angle of the heliostat. When the concentrator model was oriented back to the flow direction, the wind direction angle α was assumed to be 0°. When the heliostat model was oriented toward the flow direction, the wind direction angle β was assumed to be 0° and it rotated every 30°. When the heliostat mirror reflector was perpendicular to the ground, the elevation angle θ was assumed to be 0°, and it rotated every 15° for a total of seven elevation angles. According to the full test method, 266 (2 × 7 × 7 + 2 × 12 × 7 = 266) test conditions were considered, and the test conditions are shown in Table 1. The concentrator of the point focus solar furnace rotated every 15° (from 0° to 180°). Thus, 39 (13 × 3 = 39) test conditions were considered, and the coordinate system of the wind direction angles and elevation angles is shown in Figure 4.
TABLE 1 | Test conditions of the heliostat.
[image: Table 1][image: Figure 4]FIGURE 4 | Test conditions. (A) Concentrator wind direction angle α; (B) heliostat wind direction angle β; and (C) heliostat elevation angle θ.
2.4 Atmospheric boundary layer modelling
The atmospheric boundary layer simulator consisted of pointed splits and rough elements which, by adjusting their number and position, can produce a simulated atmospheric boundary layer comparable to the field conditions in the wind tunnel test section. The simulation of the atmospheric boundary layer and the placement of the model in the test section of the wind tunnel are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Wind tunnel test of the point focus solar furnace. (A) Section diagram. (B) Experiment layout.
The point focus solar furnace in this study is located in the suburbs of Yanqing, China. According to the standard for wind tunnel tests of buildings and structures (JGJ/T 338–2014), the atmospheric boundary layer characteristics were simulated according to a B-type surface. The theoretical wind velocity and turbulence intensity profiles were calculated according to Eq. 1, Eq. 2:
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where [image: image] is the mean wind speed at the height of z, [image: image] is the mean wind speed at the height of 10 m, z is the height above ground, [image: image] is the surface roughness index and [image: image] = 0.15, [image: image] is the turbulence intensity at the height of z, [image: image] is the nominal turbulence at 10 m, and [image: image] = 0.14.
When simulating the atmospheric boundary layer, the measuring points of the wind profile started at a height of 0.1 m and ended at 0.7 m, with an interval of 0.1 m, for a total of seven measuring points. The relative deviation between the measured and theoretical values of the mean wind speed was less than ±5%, while the absolute deviation between the measured and theoretical values of the turbulence intensity was less than ±0.02. The measured value and the theoretical curve are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Wind profiles. (A) Wind velocity profile. (B) Turbulence intensity profile.
3 RESULTS AND DISCUSSION
3.1 Wind pressure coefficient analysis
With the difference in the wind direction angle and elevation angle and the influence of the concentrator, the flow field properties on the surface of the heliostat and its cause are essentially different. In addition, the front of the heliostat is a smooth mirror surface, while the back is a sheltered surface with many supports, which causes the wind pressure on the front and back to differ from that on the simple flat structure. The concentrator is fixed on the ground, and its mirror surface is paraboloid. With the difference of the wind direction and the influence of the heliostat, the flow field properties on the surface of the concentrator also differ. This section studied the mean wind pressure coefficients on the front and back surfaces, and the mean net wind pressure coefficient of the heliostat and the concentrator.
The wind pressure of the heliostat and the concentrator is mainly caused by the wind pressure on the front and back of the mirror reflector. It is defined by the time history value of the net wind pressure coefficient and is expressed as the ratio of the net wind pressure on the mirror reflector and the atmospheric incoming wind pressure. It is a dimensionless quantity and is calculated according to Eq. 3.
[image: image]
where [image: image] is the time history value of the net wind pressure coefficient of the mirror measuring point i, [image: image] is the time history value of the front wind pressure of the mirror measuring point i, [image: image] is the time history value of the back wind pressure of the mirror measuring point i, ρ is the air density, and [image: image] is the time history value of the wind speed at the reference height (the reference height of this test is 0.5 m, which corresponds to a 10 m height of the prototype).
For each measuring point, through mathematical statistical analysis, the mean net wind pressure coefficient [image: image], the fluctuating wind pressure coefficient [image: image], the positive maximum pressure coefficient [image: image], and the negative minimum pressure coefficient [image: image] are calculated according to the following Eq. 4 and Eq. 5, Eq. 6 and Eq. 7:
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[image: image]
[image: image]
[image: image]
where g is the crest factor, the fluctuating wind usually follows a Gaussian distribution, and g = 3.5.
3.1.1 Influence of wind direction angle and elevation angle on the wind pressure distribution of the heliostat
When β = 0° and θ = 0°, because the lower edge of the mirror is close to the ground, the maximum wind pressure on the windward side occurs in the upper part of the structure. With this position as the center, the wind pressure decreases radially to the surroundings and the minimum average wind pressure coefficient appears at the two corners below the mirror, which is a negative value. With β or θ increasing, the maximum positive pressure area of the mirror gradually moves closer to the windward side. When β = 0° or θ = 0°, the mirror reflector is parallel to the incoming flow and separation of the air flow occurs on the side of the mirror surface close to the incoming flow, causing a negative pressure zone on both the front and back of the mirror edge. The gradient of the negative pressure zone changes drastically and maximum negative pressure occurs at the edge of the mirror. When β = 180°, the heliostat is oriented back to the flow direction and maximum positive pressure occurs between the supports and on the upper side of the mirror. However, due to the supports, horizontal axis support, and strut all being exposed to the incoming flow, the wind pressure distribution is different from the front. The typical working conditions are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Distribution diagram of mean wind pressure coefficient of heliostat under several typical working conditions. (A) α = /, β = 0°, θ = 0°, front; (B) α = /, β = 30°, θ = 0°, front; (C) α = /, β = 90°, θ = 0°, front; (D) α = /, β = 180°, θ = 0°, back; (E) α = /, β = 0°, θ = 45°, front; (F) α = /, β = 0°, θ = 90°, front.
3.1.2 The influence of the concentrator on the wind pressure distribution of heliostat
When α = β = 0° and θ = 0°, the concentrator is in the direction of the incoming flow, completely shielding the heliostat, and a vortex is generated on the front of the concentrator. The distance between the heliostat and the concentrator is relatively small, and the heliostat is located in the area where the vortex is generated. This makes the front of the heliostat mirror generate wind suction, and the largest negative pressure area occurs in the lower part of the structure, with this position as the center, radiating to the surroundings. When α = 30°, β = 0°, and θ = 0° the concentrator does not completely shield the heliostat. Due to the influence of its wake and eddy currents, only a small part of the front of the heliostat is a positive pressure area, and the mean wind pressure coefficient value is small (approximately 0.1). The positive pressure area is near the upper middle part of the unobstructed side, and most of the other areas are negative pressure areas. When α = 0° and β or θ increases, the maximum negative pressure area gradually approaches the incoming flow side and the value gradually increases. This is because when β or θ increases, the side closer to the incoming flow is closer to the center of the vortex. When α = β = 0° and θ = 90°, the negative pressure is still higher near the incoming stream, but the gradient change is not obvious compared to the heliostat, without considering the influence of the concentrator. In general, the influence of the concentrator on the heliostat is mainly due to the occlusion of the heliostat when the concentrator is oriented in the direction of the incoming flow. The greater the occlusion, the more obvious the impact. The typical working conditions are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Distribution diagram of mean wind pressure coefficient of heliostat under several typical working conditions. (A) α = /, β = 0°, θ = 0°, front; (B) α = 0°, β = 0°, θ = 0°, front; (C) α = 30°, β = 0°, θ = 0°, front; (D) α = 0°, β = 30°, θ = 0°, front; (E) α = 0°, β = 0°, θ = 30°, front; (F) α = 0°, β = 0°, θ = 90°, front.
3.1.3 Wind pressure distribution of the concentrator
Without considering the influence of heliostat, when α = 180°, the concentrator is oriented toward the flow direction. Most of the front is under pressure, and the pressure coefficient is positive and similar in value. The gradient changes drastically near the edge, and a small part of the edge is under negative pressure. The negative wind pressure at the same height of the back is roughly equal, and its value gradually decreases from low to high. When α decreases, the maximum wind pressure area on the concave surface gradually deviates from the windward side and the value decreases. When α = 90°, a vortex is formed on the concave surface and there is a minimum negative pressure zone at the upper and lower positions on the windward side, and two maximum negative pressure zones appear on the other side. When α = 0°, the convex surface faces the wind and its maximum wind pressure occurs in the lower part of the structure, radially decreasing to the surroundings, with sharp gradient changes appearing at the upper edge of the structure, which are caused by the convex support and the platform. The concave surface forms a vortex, and the maximum negative pressure zone is located in the middle of the structure, decreasing upward and downward, with the downward gradient change being less obvious than the uppward.
Considering the influence of the heliostat, when α = β = 180° and θ = 0°, due to the heliostats shielding the concentrator, the concave surface of the concentrator is subjected to wind suction, which is all negative pressure, and the minimum negative pressure zone is located in the lower part of the structure. When α = β = 0° and θ = 0°, the heliostat is located downstream of the wind field. Furthermore, the negative pressure on the concave surface is slightly larger than the case without the heliostat, and the maximum negative pressure area shifts slightly downward. When α = β = 180° and θ = 90°, the heliostat shields the concentrator less, mainly near its horizontal axis. Most areas of the concentrator are under positive pressure, and the edge area is under negative pressure, forming two positive pressure zones with the height of the horizontal axis as the boundary. In general, the influence of the heliostat on the concentrator is similar to the influence of the concentrator on the heliostat. The greater the occlusion, the more obvious the impact. The typical working conditions are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Distribution diagram of mean wind pressure coefficient of the concentrator under several typical working conditions. (A) α = 180°, β = /, θ = /, front; (B) α = 180°, β = /, θ = /, back; (C) α = 150°, β = /, θ = /, front; (D) α = 90°, β = /, θ = /, front; (E) α = 0°, β = /, θ = /, front; (F) α = 0°, β = /, θ = /, back; (G) α = β = 180°, θ = 0°, front; (H) α = β = 0°, θ = 0°, front; (I) α = β = 180°, θ = 90°, front.
3.2 Frequency domain analysis
The power spectral density function is the signal power in the unit frequency band, which can be used to describe the distribution of wind pressure random signal power in the frequency domain. In this article, Welch’s method is used to analyze the wind pressure random signal in the frequency domain.
3.2.1 Frequency domain analysis of the heliostat
The distribution of the measuring points in this section is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Distribution map of the measuring points of the heliostat.
Without considering the influence of the concentrator, when β = 0° and θ = 0°, it can be seen that changes in the energy distribution trend in the frequency domain of each measuring point are similar, and the specific value varies depending on the location. In the low frequency region, the power density of the upper measuring point is first slightly lower than that of the lower measuring point, and then slightly higher. In the high frequency region, the power density of measurement points changes in a more complicated fashion. With an increase in β or θ, the energy in each frequency domain of the measuring point on the side of the incoming flow significantly increases. When β = 180° and θ = 0°, the front measurement points are almost the same in the low frequency region but show different changes in the high frequency region. The typical working conditions are shown in Figure 11, where the abscissa is frequency f, and the ordinate is the power spectral density function Sp(f).
[image: Figure 11]FIGURE 11 | Wind pressure power spectral densities of representative measuring points of the heliostat under some typical working conditions. (A) α = /, β = 0°, θ = 0°; (B) α = /, β = 0°, θ = 90°; (C) α = /, β = 90°, θ = 0°; (D) α = /, β = 180°, θ = 0°.
Considering the influence of the concentrator, when α = 0°, β = 0°, and θ = 0°, the concentrator is located at the incoming wind, completely shielding the heliostat. Affected by the wake of the concentrator, the power spectral density of each measuring point is higher than when the concentrator is not considered. Furthermore, because the edge of the concentrator has greater fluctuations, the power density of the corner point a11 is greater than the points a13 and a15 at the upper edge, and both of these points are greater than those of the middle and lower parts. With a gradual increase in θ, the power spectral density of the corner points decreases but is still higher than when the concentrator is not considered. When α = 30°, the concentrator blocks part of the heliostat. Furthermore, the power spectral density of each measuring point is higher than when the concentrator is not considered, and the power spectral density of the measuring point located downstream of the edge of the concentrator significantly increases. When α = 30°, it can be seen that the a115 measuring point is slightly higher than the a117 measuring point, and significantly higher than the a119 and other measuring points. In addition, the a11 and a13 measuring points, which are far away from the incoming wind and concentrator, have the smallest power spectral density. With a gradual increase of α, the power density of each measuring point gradually drops to the same as the heliostat, without considering the influence of concentrator. When α = 180°, the distribution in the frequency domain is very close to that of the heliostat, without considering the influence of concentrator. In general, the influence of the concentrator on the wind pressure of the heliostat in the frequency domain mainly comes from the occlusion of the concentrator and the fluctuation caused by the edge of the concentrator. In addition, the wind pressure power spectral density is higher than when the concentrator is not considered. The typical working conditions are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Wind pressure power spectral densities of representative measuring points of the heliostat under some typical working conditions. (A) α = 0°, β = 0°, θ = 0°; (B) α = 0°, β = 0°, θ = 90°; (C) α = 30°, β = 0°, θ = 90°; (D) α = 90°, β = 90°, θ = 0°; (E) α = 180°, β = 180°, θ = 0°; (F) α = 180°, β = 180°, θ = 90°.
3.2.2 Frequency domain analysis of the concentrator
The distribution of the measuring points in this section is shown in Figure 13.
[image: Figure 13]FIGURE 13 | Distribution map of the measuring points of the concentrator.
Without considering the influence of the heliostat, when α = 0°, the convex surface is compressed, the change in the energy distribution trend in the frequency domain of each measuring point are similar, and the specific value varies depending on the location. The power spectral density of the lower measuring points is slightly higher than that of the upper measuring points. With an increase in α, the power density of the concave measuring point gradually decreases and the power density of the measuring point on the side far from the incoming wind is slightly higher. When α = 180°, the difference of each measuring point is larger than when α = 0°.
Considering the influence of the heliostat, the changes of each measuring point are similar to the measuring points of the heliostat when the influence of the concentrator is considered, and the power spectral density is significantly increased. The typical working conditions are shown in Figure 14.
[image: Figure 14]FIGURE 14 | Wind pressure power spectral density of representative measuring points of the concentrator under some typical working conditions. (A) α = 0°, β = /, θ = /; (B) α = 90°, β = /, θ = /; (C) α = 180°, β = /, θ = /; (D) α = 180°, β = 180°, θ = 0°; (E) α = 180°, β = 180°, θ = 90°; (F) α = 0°, β = 0°, θ = 0°.
3.3 Variation law of wind load coefficients
3.3.1 Variation law of the mean wind load coefficients of the heliostat
In order to accurately grasp the situation of the heliostat, on the one hand, it is necessary to calculate the wind pressure acting on the surface of the heliostat, and on the other hand, it is necessary to calculate the mean and peak wind load force of the heliostat. In this section, the mean drag force coefficient, mean lift force coefficient, and the coefficient of the moment induced at the hinge are selected to introduce the variation law of the heliostat wind load coefficient.
The mean drag force [image: image], mean lift force [image: image], and the moment [image: image] induced at the hinge are calculated according to Eq. 8, Eq. 9, Eq. 10, and the direction of the force and moment is shown in Figure 15.
[image: image]
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[image: Figure 15]FIGURE 15 | Direction of the drag force, lift force, and moment induced at the hinge.
where [image: image] is the weighted area of measuring point i, [image: image] is the time history value of the front wind pressure of the mirror measuring point, [image: image] is the time history value of the back wind pressure of the mirror measuring point, N is the number of measuring points, θ is the elevation angle of heliostat, and [image: image] is the distance between the measuring point and the horizontal axis support.
The mean drag force coefficient [image: image], mean lift force coefficient [image: image], and the coefficient of the moment [image: image] induced at the hinge are calculated using Eq. 11, Eq. 12, and Eq. 13:
[image: image]
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where N is the number of samples, ρ is the air density, [image: image] is the mean wind speed at the reference height (the height of 10 m taken in this article), and W is the width of the heliostat mirror reflector.
Without considering the concentrator, the shape of the drag force coefficient curve of the heliostat is similar to the cos function curve. However, due to the difference in the structure of the front and back of the heliostat, the absolute value of the drag coefficient when the back is facing the wind is smaller. Considering the influence of the concentrator, the overall trend of the curve is similar to the situation without the concentrator, but the specific value is also changed due to the influence of the concentrator, which is mainly due to the occlusion of the heliostat by the concentrator and the wake of the concentrator.
When α = 60°–300°, the concentrator has a significant effect on the drag force coefficient of the heliostat. When α = β = 0°, the drag force coefficient, considering the influence of the concentrator on the heliostat, is 9.84% of that without the concentrator. When α = β = 180°, the drag force coefficient, considering the influence of the concentrator on the heliostat, is 104.57% of that without the concentrator. In most working conditions, the drag force coefficient when the influence of the concentrator is considered is smaller than that when the influence of the concentrator is not considered. However, in a very small number of working conditions, the drag force coefficient when the influence of the concentrator is considered is slightly larger than that when the influence of the concentrator is not considered. In addition, due to the influence of the concentrator, the wind speed near the heliostat decreases but the turbulence intensity increases, which causes the peak wind load coefficient to rise slightly. The drag force coefficient curve of the heliostat when θ = 0°is shown in Figure 16.
[image: Figure 16]FIGURE 16 | Drag force coefficient curve of the heliostat.
The overall trend of lift force coefficient curve and the coefficient curve of the moment induced at the hinge is similar to the drag force coefficient curve, and they are shown in Figure 17 and Figure 18.
[image: Figure 17]FIGURE 17 | Lift force coefficient curve of the heliostat.
[image: Figure 18]FIGURE 18 | Coefficient curve of the moment induced at the hinge.
3.3.2 Variation law of the mean wind load coefficients of the concentrator
Accurately determining the concentrator status requires calculation of the mean and peak wind load force of the concentrator. The solar furnace concentrator is fixed on the ground, with changes only in the wind direction angle. The drag force plays a major role, and the variation law of the lift force coefficient is similar to the variation law of the lift force coefficient. So, in this section, the mean drag force coefficient is selected to introduce the variation law of the concentrator wind load coefficient. The drag force coefficient is calculated according to Eq. 14, while the direction of the force is shown in Figure 4.
[image: image]
where ρ is the air density, [image: image] is the mean wind speed at the reference height, L is the opening length of the concentrator mirror reflector, and W is the opening width of the concentrator mirror reflector.
Without considering the influence of the heliostat, when α = 180°, the absolute value of the drag force coefficient is the largest. As α decreases, the drag coefficient gradually decreases and the slope is largest near 90°, which is caused by its shape. The concave surface has greater resistance, while the convex surface has less resistance.
Considering the influence of the heliostat, when α = β = 180°, the wind speed near the concentrator is low and the drag force is small due to the blocking of the heliostat. As α and β gradually decrease, the occlusion gradually lessens and the drag force gradually tends to the situation when the heliostat is not considered. When α and β are constant and as θ increases, the occlusion decreases, which will also increase the force on the concentrator. The maximum positive value when considering the influence of the heliostat is 83.92% of that without considering the influence of the heliostat. The maximum negative value when considering the influence of heliostat is 102.67% of that without considering the influence of the heliostat. The drag force coefficient is shown in Figure 19.
[image: Figure 19]FIGURE 19 | Drag force coefficient curve of the concentrator.
To summarize the aforementioned test data analysis, we suggest considering a safety factor of 1.1–1.2 for structural design and optimization of the solar furnace.
4 CONCLUSION
Based on the wind tunnel test data obtained under 305 different working conditions, the variation laws of the wind pressure coefficient and wind load coefficient of a point focus solar furnace heliostat and concentrator were studied. The results showed that for small- and medium-sized solar furnaces, the mutual influence between the heliostat and the concentrator was very obvious and should be considered for the structural design and optimization of solar furnaces. The conclusions are summarized as follows.
(1) The analysis of the distribution of the wind pressure coefficient showed that the mutual influence between the concentrator and heliostat mainly originated from the occlusion of the incoming wind and its wake. The greater the occlusion, the greater the impact. When completely blocked, the front of the mirror reflector was full of negative pressure.
(2) This study performed a frequency domain analysis of the wind pressure time sequence at each measurement point. When considering the mutual influence of the heliostat and concentrator, the power spectral density of each measuring point of the heliostat and concentrator were significantly higher than those when the mutual influence was not considered. This showed that owing to the mutual influence of the heliostat and concentrator, the mirror reflector had a higher energy everywhere, as well as a higher turbulence intensity near the mirror plate.
(3) Under the most favorable conditions, the drag force coefficient considering the influence of the concentrator on the heliostat was 9.84% of that without the concentrator. Under the most unfavorable condition, the drag force coefficient considering the influence of the concentrator on the heliostat was 104.57% of that without the concentrator. Because of the mutual influence between the concentrator and heliostat, the wind speed near the heliostat and concentrator decreased, but the turbulence intensity increased, causing the peak wind load coefficient to increase slightly. In addition, a safety factor of 1.1–1.2 may be considered for the design and optimization of solar furnaces.
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