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Abstract

:

This work demonstrates that the quasi-homogeneous distribution of concentrated solar flux is achievable by using double paraboloid reflection, with a primary reflector to concentrate the sunlight, and a secondary reflector to homogenise the radiation flux. For that, three slightly different secondary reflectors were designed and manufactured, matching the specifications of the paraboloid concentrator of the SF60 solar furnace located in PSA—Plataforma Solar de Almería, which was used as primary reflector. Starting from preliminary simulations of the optical apparatus, the secondary geometries were selected and then the reflectors were manufactured from 7075-T6 aluminium alloy, using conventional and CNC machining technologies, with further processing to achieve a mirror-like finish. The results obtained from solar irradiation tests corroborate that the “double paraboloid reflection” methodology proposed in previous theoretical works seems to be technically feasible and can be a solution for obtaining homogeneously distributed fluxes of highly concentrated solar radiation.
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1. Introduction


Using adequately controlled reflectors (mirrors) that capture and focus sunlight onto a receiver, conventional point focusing technologies are an important part of the vaster group of concentrated solar power (CSP) systems. These systems can provide high fluxes of sunlight into the receiver, and consequently reach high temperatures. By driving a heat engine (usually a steam turbine) connected to an electrical power generator, the solar heat can be used to generate electricity [1]. Alternatively, the solar heat can be used to power a thermochemical reaction [2,3].



Compared to other sources of energy, the direct application of concentrated solar radiation on a target (material or process reaction chamber), besides being free and clean, also brings other major advantages, such as the possibility to achieve very rapid heating and very high temperatures. However, despite its advantages, there is a difficulty inherent in the current use of point-focusing solar concentration technology for certain applications because the flux of solar radiation that reaches the target is theoretically non-homogeneous. A circle illuminated with a higher concentration in the middle of the target/receiver is theoretically obtained when the paraboloid reflection model [4] is applied to the traditional solar concentrators, utilizing a point-focusing solar concentrating panel assembly. Depending on the type of application of the solar heating process, non-uniform temperature distributions may cause adverse effects. In fact, a non-homogeneous solar flux irradiation has several disadvantages which may prove to be critical in some relevant areas of work, such as materials’ processing. For example, large thermal gradients caused by a low homogeneity flux distribution can lead to defects or cracking during the consolidation of ceramic pieces by solar-sintering [5] or the heterogeneous composition of solar-synthesised graphite/tungsten composites [6].



As early as 1961, schemes of obtaining uniform irradiation over a large area in a solar furnace have been proposed [7]. Light pipes used to redistribute the flux generated by the parabolic concentrator of a solar furnace are commonly known as radiation flux “homogenisers”. Most of them consist of multi-reflective devices (with mirrored sides) designed to reshape the solar radiation flux coming from a concentrator so that, after passing through the homogeniser, the flux becomes as much evenly distributed as possible. For construction reasons, homogenisers used in high-flux solar furnaces should be simple, with flat reflective surfaces or a cylinder mirrored inside and an optical behaviour similar to a symmetric polygon with infinite faces [8]. However, multi-reflection radiation homogenisers are prone to be easily damaged at high temperatures and their degree of success achieved is just satisfactory [8]. It seems fair to say that, although multi-reflection homogenisers are a reasonable workaround to solve an important difficulty in high-flux solar furnaces, they are not a robust, solid solution for the problem, and it would be highly desirable for the industry to find a better solution.



The photovoltaic (PV) systems that use concentrated sunlight are called concentrating photovoltaics (CPV). Moreover, for CPV, there is also a need for homogeneous flux distribution. Since an array of solar cells is limited in output current by the lowest cell current, photovoltaic modules require a uniform flux distribution for operation at maximum efficiency [9]. Several homogeniser configurations are well documented in the CPV field. For instance, prism-based, working on the principle of total internal reflection [10]; mirror-based, working on multiple reflections using several mirrored facets [9,11,12,13]; or those that are lens-based, such as the Köhler homogeniser [14], or domed homogenisers, as in [15,16].



In the context of an analysis conducted over a former Portuguese Patent Pending Request [17], our research group was able to demonstrate in previous works [4,18] that theoretically quasi-homogeneous solar flux distribution can be obtained by means of a double reflection using two paraboloid-reflecting surfaces when a single focal point is shared between those two paraboloids. The second paraboloid can be convex and positioned before the focal point (as in Figure 1) or concave and positioned after the focal point [4,18]. Such a system draws parallels from the Cassegrain reflector that is widely used in optical and radio astronomy [19], with the difference being that the parabolic secondary reflector (as opposed to a hyperbolic one) does not focus light to a point, but produces a uniform light beam.



The objective of the present work is the experimental demonstration of the technical feasibility of obtaining a highly homogeneous concentrated solar flux distribution by means of a “double paraboloid reflection” (i.e., a double reflection using two paraboloid surfaces). This is a complete novelty, because, even when arrangements “with double reflection” were mentioned in some previous publications, in any one of them it has been mentioned that, for obtaining a quasi-homogeneous flux, two paraboloids must be involved, and both must have the same focal point. For that, we used a solar furnace installation: the solar furnace SF60 located in PSA—Plataforma Solar de Almería, Spain, which is equipped with a large paraboloid concentrator, and we have fabricated the secondary reflector matching the specific optical configuration. In this study, the secondary paraboloid reflectors will be convex, i.e., are placed before the focal point, as shown in Figure 1. The external diameter of those secondary reflectors will be kept constant (191 mm, which will be further explained later).




2. Materials and Methods


2.1. Testing Facility


The recently renewed SF60 solar concentrator (depicted in Figure 2) is composed of 463 hexagonal facets, approximating a paraboloid surface. This new paraboloid concentrator, named FAHEX 100 (a prototype fabricated by PSA—Plataforma Solar de Almería, Tabernas, Spain), shows the following optical characteristics [21]:




	
Focal length f: 7800 mm;



	
Focal spot diameter (for 90% of the power): 22 cm;



	
Horizontal rim angle: 40.3°;



	
Vertical rim angle: 35.3°.








The SF60 facility is further equipped with a supporting platform where measurements take place, which is equipped with an XYZ stage (working table) that is capable of positioning equipment inside a large work volume.




2.2. Computational Details


Since our 2017 solar testing campaign in PSA—Plataforma Solar de Almería (still with the former configuration of the SF60 solar furnace), we have been developing our own ray-tracing modelling software, which allowed us to prove the possibility of attaining quasi-homogeneous flux distribution by using the herein mentioned “double paraboloid reflection” [4].



We concluded that the parallel and homogeneous output beam is not affected by the position and curvature of the two paraboloids (as long as they have the same focal point); only the beam radius and intensity change [18]. Therefore, when decreasing the size of the second paraboloid, a more intense and narrower beam is obtained. This is an interesting optical design, but it requires a high precision in the geometry of the two paraboloids.



Moreover, assuming that the solar radiation flux provided by the heliostat can be represented by parallel rays, we concluded that the optical arrangement for the “double paraboloid reflection” produces exactly the same results using either a secondary convex paraboloid, positioned before the focal point (the layout shown in Figure 1), or a concave paraboloid, positioned after the focal point.



However, we also concluded that this is no longer the case if we assume that solar rays reach the Earth with an inclination angle between 0° and 0.267° (the maximum inclination theoretically predicted for the Sun’s rays, taking into account the Sun’s radius and the average Sun–Earth distance; see [18] for details). In this case, the slightly more compact convex layout (Figure 1) produces slightly smaller losses (the rays diverge less).



Based on the above-mentioned characteristics of the SF60 concentrator, we have used our experience in ray-tracing modelling to decide on the dimensions of the “sample(s)”; i.e., the small secondary reflector(s) that have been tested in this study.



The optical behaviour of an ideal reflecting paraboloid (  z = a  x 2  + a  y 2   ), receiving light rays parallel to its axis (see Figure 3), can be described by its unique focal length   f =  1  4 a     (derived in [4]) where a is the curvature, and by its rim angle Ψ (the maximum angle that reflected rays make with the paraboloid axis). The paraboloid projected radius can then be calculated using the equation (derived in [4]):


  r = − p +        p 2  + 1           2 a                     where                   p =  1  tan Ψ    



(1)







In this work, we used the data reported by PSA—Plataforma Solar de Almería [21] for the SF60 solar furnace recently renewed: z = 7800 mm and Ψ = 35.3° (the smallest of the two rim angles reported in Section 2.1); thus, the projected radius for the large paraboloid becomes 4963 mm.



To study the optical behaviour of the double paraboloid geometry (see Figure 1), we built a small paraboloid (labelled “S0”), using the same rim angle and a focal length of 150 mm (a = 0.001667 mm−1). For this paraboloid, the projected radius becomes 95.45 mm and the external height (the h height of the outer circumference; see Figure 4) is 15.19 mm.



In practise, the geometry of a manufactured reflecting surface is never going to be mathematically perfect in a real-life device. A practical paraboloid reflector exhibits dimensional and geometric deviations due to manufacturing limitations and its structural stiffness; thus, it is important to assess how the behaviour of the optical arrangement is affected by those inaccuracies. To study how the small paraboloid geometry affects the results, we built two more paraboloids, with an external height 2 mm smaller (13.19 mm) (labelled “S−”) and 2 mm larger (17.19 mm) (labelled “S+”). Keeping the projected radius (95.45 mm) constant, the curvature and focal length of paraboloids S− and S+ can be calculated:


  13.19 =  a  S −       95.45  2     ⇒      a  S −   = 0.001447     mm   − 1        ⇒      f  S −     =  1  4  a  S −      = 172.75   mm  



(2)






  17.19 =  a  S +       95.45  2     ⇒      a  S +   = 0.001886     mm   − 1        ⇒      f  S +     =  1  4  a  S +      = 132.54   mm  



(3)







The S− paraboloid thus has a smaller curvature (a = 0.001447 mm−1) and larger focal length (f = 172.75 mm), while the S+ paraboloid has a larger curvature (a = 0.001886 mm−1) and smaller focal length (f = 132.54 mm).



As the projected radius is the same (95.45 mm) for all three paraboloids, Equation (1) can be used again, with the new curvature, to obtain the rim angle Ψ (by trial and error) that gives the required projected radius (95.45 mm) that is smaller for the S− paraboloid (Ψ = 30.9°) and larger for S+ paraboloid (Ψ = 39.6°). All of the geometrical parameters for the design of these three paraboloids are presented in Table 1.




2.3. Dedicated Construction of Secondary Reflector


While conventional glass-based mirrors excel at having high reflectance, particularly if produced for a minimum thickness, complex processing techniques drive up the final cost of the solar installation and the time to deployment. In contrast to this, metal-based mirrors—produced by conventional manufacturing techniques such as machining—provide the advantage of being easily manufactured to match the required specifications of this application, with rapid turnover.



Therefore, in this work, each reflector was machined from a disc of 7075-T6 aluminium alloy, 210 mm in diameter and 51 mm height, with each face being milled on both sides to assure parallelism between the mounting and reflecting surfaces. This prepared blank was further processed in a turning centre (DMG Mori CTX 310 Ecoline 2-axis, Leonberg, Germany), which brought it to its final paraboloid shape, with careful CAM programming to ensure that a close tolerance form is achieved. To reach a mirror-like finish, successive sanding (600, 1000, 1500, 2000 and 4000 grit silicon carbide paper, Klingspor AG, Haiger, Germany) and polishing (6-, 3- and 1-micron diamond polishing compound, water soluble, Norton Abrasives, Worcester, MA, USA) steps were performed. Figure 5 depicts the three secondary reflectors after the final polishing. Reflectance measurements of the S0 reflector obtained with a SOC410-Solar portable reflectometer from Surface Optics Corp. (San Diego, CA, USA) are presented in Table 2.




2.4. Testing Methodology for Heat Flux Distribution Measurement


Heat flux was measured using thermo-gauges of the Gardon type (TG1000, from Vattel Corporation, Christiansburg, VA, USA). For taking measurements, one circular-foil heat flux transducer was positioned at various points on the measurement plane, with readings being taken at each point on a square-grid with a 20 mm spacing. The distance from the Gardon thermo-gauge to the reflecting surface depends on the type of measurement being performed and is detailed on the subsequent sections of this article. The Gardon gauges had a flux range of 378.7 kW/m2 and 3508.5 kW/m2 at a full scale (10 mV), depending on the trial type, the shutter opening, and the secondary reflector heat load. Given the nature of these sensors and the large inertia of the heliostat which tracks the Sun, a “saw-tooth” output signal of the Gardon gauge is generally obtained (see example in Figure 6). Therefore, an average of the sensor reading was taken by measuring the heat flux at each point during at least a 10 s period. After the reading, it is necessary to manually command the XYZ working table to position the Gardon gauge to a new measurement site.



With the goal of observing the effectiveness of the double paraboloid arrangement in producing a homogeneous output flux distribution, the testing methodology was divided into steps, as follows: (i) First, as a baseline, measurements were made to understand the flux distribution of the primary reflector at its theoretical focal plane (z = 7800 mm), and at the theoretical position of the secondary reflector (z = 7650 mm); (ii) next, we measured the variation of the output flux distribution when the secondary reflector is carefully placed at its predetermined position; (iii) to observe the sensitivity of the output flux distribution of the conical focal volume produced along the SF60 optical axis, we then made concentrated solar flux readings, with the position of the secondary reflector shifted along the SF60 optical axis; (iv) following this, to check for the influence of manufacturing errors in the output flux distribution, readings were taken with the secondary reflectors rotated by 90°; (v) finally, measurements were also taken with the secondary reflectors shifted in a plane normal to the optical axis, to find if the true optical axis of the primary-secondary optical apparatus is coincident with its theoretical position.





3. Results and Discussion


3.1. Primary Reflector Flux Distribution


The heat flux distribution was first measured at the focal plane (z = 7800 mm) of the SF60 primary reflector (see Section 2.4) to observe the degree of uniformity of the distribution of the concentrated heat flux. Further measurements at the theoretical position of the S0 secondary reflector (z = 7650 mm, because f = 150 mm) were then performed. The results of these measurements are shown in Figure 7, for both distances. Whole white areas in the images correspond to zones where no measurements were made. We note that, using a single Gardon radiometer, and waiting for enough time to obtain more stable readings, the evaluation of the flux distribution in a 240 mm × 240 mm area (corresponding to 12 × 12 = 144 measurements, see Section 2.4) takes a relatively long time (in excess of 1.5 h) in this large scale, Sun-dependent, facility.



Some statistical parameters of radiation flux readings obtained at z = 7800 mm and at z = 7650 mm are presented in Table 3.



At the focal plane, as depicted in Figure 7a, measurements indicate a well-defined and reasonably centred spot distribution in agreement with the optical characteristics mentioned in Section 2.1 (indicating that the focal spot diameter for 90% of the power is around 220 mm). On the other hand, as shown in Figure 7b, at the position z = 7650 mm (where the secondary reflector is planned to be placed), the flux distribution is spread out over a wider area as expected, with a higher homogeneity.




3.2. Secondary Reflector Flux Output


To measure the radiation flux coming from the secondary reflectors, we always used a distance of 280 mm from the reflector surface to the Gardon gauge.



3.2.1. Sensitivity of the Flux Distribution Homogeneity to Optical Axis Shift and Rotation


The S0 secondary reflector was firstly tested at the computer-modelled ideal position. The results of the radiation flux distribution for this ideal position are shown in Figure 8b. Afterwards, the S0 reflector was shifted along its optical axis, −20 mm, and +20 mm from the ideal position, to measure the sensitivity of the flux distribution homogeneity to inaccuracies in the placement. Results are shown in Figure 8a and Figure 8c, respectively. Finally, to measure the sensitivity of the flux distribution homogeneity to shape inaccuracies of the secondary reflector, the reflector was rotated 90° around its optical axis. Results for the −20, 0, and +20 mm positions are depicted in Figure 8d, Figure 8e and Figure 8f, respectively. In Table 4, the details of the secondary reflector position and rotation are presented, as well as the radiation flux statistical parameters.



Comparing Figure 8a–c, no significant change is observed on the radiation flux distribution when shifting the secondary reflector forward or backwards along the optical axis. Since the primary reflector is composed of many facets, it can be imagined that there are several light cones, originating from some facets being focused “short” or “long” (in respect to the theoretical focal point of a perfect paraboloid), which provides a large degree of freedom when positioning the secondary reflector.



In Figure 8d–f, where the radiation comes from the rotated S0 reflector, no large-scale visual change from the non-rotated configuration can be observed. However, Figure 8f shows an increase in the flux distribution homogeneity. In general—when analysing the influence of all the measured variables—no single-variable correlation can be attributed to this increase in homogeneity: (i) The translation produces nearly constant CV values in Figure 8a–c; (ii) the centre distance varies considerably with nearly constant CV; (iii) the rotation, apart from in Figure 8f, does not produce a significant change in CV compared to its non-rotated counterparts. Therefore, the possible flux variations caused by manufacturing and geometrical errors might be hidden under the testing conditions that we have used.



While a combination of all these factors could account for the change in CV in Figure 8f, such a conclusion cannot be drawn by our measurement design. However, given the nature of the optical system and the heat flux sensor, as previously discussed in Section 2.4, two observations can be made that can have an impact on this difference: (1) No instantaneous snapshot of the heat flux distribution can be taken. Working with an average value of the heat flux is a compromise, since it is insensitive to spurious variations, but is not a true representation of the measurand; (2) for a given secondary reflector with the same working conditions, the variation of the heat flux distribution is significant from day to day, as shown in Figure 9a–c and Table 5. The two above-mentioned factors (1 and 2) could provide an explanation for the outlier value.



Overall, compared to the primary reflector flux distribution results (presented in Section 3.1), a marked increase in homogeneity is obtained when using the secondary reflector, as measured through the corresponding CVs.



Similar results were obtained for the so-called S+ and S− secondary reflectors (with slightly larger and smaller curvatures), regarding radiation flux distribution homogeneity; thus, they are not included here.




3.2.2. Sensitivity of the Flux Distribution Homogeneity to In-Plane (Normal to Optical Axis) Shift


Given the optical complexity of the SF60 primary reflector (with 463 facets), measurements were then made with the secondary reflector S− (with slightly smaller curvature) to check for variations in the homogeneity of the radiation flux distribution resulting from translational shifts of the S− reflector, along the XY plane normal to the optical axis of the primary reflector. The results are presented in Figure 10a–c, with corresponding statistical parameters in Table 6.



Once again, the effect of the optical complexity of the primary reflector is noticed: the test bench where the secondary reflector is positioned cannot be easily aligned with the true optical axis, which is defined by the sum of the 463 facets composing the primary reflector. Searching for the true optical centre by moving the secondary reflector in the XY plane yields a more centred distribution of the radiation flux, as measured through the centre distance to the highest value of the radiation flux, with correspondingly higher homogeneity (lower CV for Figure 10c, as presented in Table 6).



The statistical results obtained in this work can be compared with those obtained in previous experimental [18] and modelling [8] studies involving multi-faceted homogenisers. The decrease in the CV (standard deviation/mean value) of the measured radiation flux seems to be similar for both types of devices. However, unlike the secondary reflectors tested in this work, multi-faceted homogenisers are difficult to build and vulnerable to junction damage in high temperature conditions.






4. Conclusions


The experimental results reported here seem to corroborate that the double paraboloid reflection, proposed in previous simulation works, is a promising solution to obtain nearly homogeneous solar flux distributions. In all experiments made, a much more homogeneous radiation flux has been obtained with this new configuration, when compared to a single focusing paraboloid reflector, with CV values decreasing from circa 0.95 (at the focal plane of the primary concentrator) to values below 0.18 (when using the theoretically ideal secondary paraboloid reflector).



In what concerns the secondary reflectors, the dedicated methodology of construction used in this work for obtaining the required geometry was proved to be very adequate, namely due to the small size of the secondary reflectors. In fact, this construction methodology shows several advantages over other alternatives: (1) It avoids the use of adhesives and cement glues; (2) it simplifies the optical arrangement; (3) it is easy to implement, resisting high-temperatures, and allows the integration of cooling elements. Comparing the present results with previous modelling and experimental work, conducted namely with a four-mirror, square shape, flux-homogeniser, a similar homogenisation was obtained. However, compared to traditional multi-faceted homogenisers, these paraboloid secondary reflectors significantly decrease the optical and mechanical complexity, benefitting from an all-metal based construction. The reflectance values measured in the secondary paraboloid reflectors, after a final polishing, were very satisfactory for achieving the purpose of the present work, but the reflectance can be certainly increased in future reflectors.



However, this work should be understood as just a first step; further research must be carried out using more suitable primary reflectors. In fact, due to its large dimensions, high number of facets, and complexity of construction, the SF60 paraboloid concentrator (used in this work as a primary reflector) hardly reproduces a high precision paraboloid. We intend to construct a high-accuracy paraboloid to be used as primary reflector (with a diameter of just 1200 mm), which we intend to couple to smaller secondary reflectors (whose diameter can be designed as a function of the desired radiation flux). To ease construction and obtain a high-quality paraboloid geometry, the reflecting surface might be obtained by assembling exactly equal curved panels. The proposed method (“double paraboloid reflection”) is to be used only with direct solar radiation and the axis of primary and secondary reflectors must be always perfectly aligned with the direction of the solar radiation. The implications of weather conditions are the same as in typical high-flux solar furnaces.



In the future, secondary reflectors can be fabricated with higher specular reflectance using other techniques to build mirrors, such as those required in solar furnaces facilities to redirect the concentrated radiation beam. The expected lifetime and maintenance requirements of the secondary reflectors will be very similar to those of the reflectors used in the present solar furnaces, and thus the economic feasibility of the proposed method seems to be suitable for implementation in industrial applications.
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Figure 1. Double paraboloid reflecting apparatus, providing a homogeneous output flux beam: (a) Scheme adapted from Rosa [20]; (b) computer-aided view of a prototype (with a primary reflector composed by 12 exactly equal curved panels to obtain a high-quality paraboloid surface). 
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Figure 2. Photo showing the huge and multifaceted SF60 paraboloid concentrator (left) and a much smaller secondary reflector (with diameter of only 191 mm) positioned near the primary focal point. 
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Figure 3. Scheme of a parabola and its corresponding focal point and rim angle. 
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Figure 4. Scheme showing the geometrical parameters of the secondary paraboloid reflectors. 
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Figure 5. (a) The three secondary paraboloid reflectors, after final polishing; (b) Reflectance measurements on the S0 reflector (close to edge) provided by the SOC410-Solar portable reflectometer from Surface Optics Corp. (San Diego, CA, USA). 
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Figure 6. Example of output signal from a Gardon radiometer during our tests. 
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Figure 7. Radiation flux maps for the primary reflector: (a) at z = 7800 mm; (b) at z = 7650 mm. 
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Figure 8. Radiation flux maps for the secondary reflector S0 at various positions along the optical-axis: (a) at z = 7650 − 20 mm; (b) at z = 7650 mm; (c) at z = 7650 + 20 mm; and after rotation by 90°: (d) at z = 7650 − 20 mm; (e) at z = 7650 mm; (f) at z = 7650 + 20 mm. In each map, the highest value of radiation flux is indicated by an outlined square. 
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Figure 9. Radiation flux maps for the S0 secondary reflector at z = 7650 mm in different days: (a) day 1; (b) day 2; (c) day 3. In each map, the highest value of radiation flux is indicated by an outlined square. 
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Figure 10. Radiation flux maps for the secondary reflector (S−) at various positions in the plane normal to optical axis: (a) no offset; (b) x + 20 mm, y − 30 mm; (c) x + 60 mm, y − 30 mm. In each map, the highest value of radiation flux is indicated by an outlined square. 
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Table 1. Geometrical parameters of each of the three manufactured secondary reflectors.
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	Secondary

Reflector
	Focal Length f

(mm)
	Curvature a

(mm−1)
	External Height h

(mm)
	Rim Angle Ψ





	S−
	172.75
	0.001447
	13.19
	30.9°



	S0
	150.00
	0.001667
	15.19
	35.3°



	S+
	132.54
	0.001886
	17.19
	39.6°
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Table 2. Reflectance measurements on the S0 reflector.
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	Position
	Total Reflectance
	Specular Reflectance





	Centre
	84.2%
	70.8%



	Intermediary
	84.5%
	71.8%



	Close to edge
	85.2%
	79.5%
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Table 3. Statistical parameters of radiation flux readings obtained at z = 7800 mm and at z = 7650 mm.
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	Position
	Mean

(kW/m2)
	Standard Deviation

(kW/m2)
	Coefficient of Variation, CV





	z = 7800 mm (focal plane)
	169.6
	161.9
	0.954



	z = 7650 mm (150 mm offset)
	72.7
	51.3
	0.705
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Table 4. Statistical parameters of radiation flux readings depicted in Figure 8a–f.
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	Figure
	Position Offset (mm)
	Rotation
	Mean

(kW/m2)
	Standard Deviation

(kW/m2)
	Centre Distance

(mm)
	Coefficient of Variation, CV





	(a)
	−20
	0°
	18.7
	2.9
	40
	0.155



	(b)
	0
	0°
	18.6
	3.0
	60
	0.161



	(c)
	+20
	0°
	18.8
	3.3
	63
	0.176



	(d)
	−20
	90°
	18.4
	2.7
	20
	0.147



	(e)
	0
	90°
	20.2
	2.9
	72
	0.144



	(f)
	+20
	90°
	17.9
	1.8
	45
	0.100
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Table 5. Statistical parameters of radiation flux readings depicted in Figure 9a–c.
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	Figure
	Mean

(kW/m2)
	Standard Deviation

(kW/m2)
	Centre Distance

(mm)
	Coefficient of Variation, CV





	(a)
	18.6
	3.0
	60
	0.161



	(b)
	17.3
	4.1
	60
	0.237



	(c)
	27.2
	6.0
	83
	0.221
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Table 6. Statistical parameters of radiation flux readings depicted in Figure 10a–c.






Table 6. Statistical parameters of radiation flux readings depicted in Figure 10a–c.





	Figure
	X Position Offset

(mm)
	Y Position Offset (mm)
	Mean

(kW/m2)
	Standard Deviation

(kW/m2)
	Centre Distance (mm)
	Coefficient of Variation, CV





	(a)
	0
	0
	19.3
	5.2
	57
	0.269



	(b)
	+20
	−30
	19.4
	4.9
	40
	0.253



	(c)
	+60
	−30
	18.6
	4.3
	20
	0.231
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
RN

)

@





media/file4.png
‘‘‘‘‘‘






media/file18.png
-37.5

-22

<
n
m

i

-20

-22

HENE NS
HEN
il

-20

wo o
o~ o ~
m m

!
u
B

(Lw/m) Po
1 o

o~

]

n
N

(Lw/mx) Po
[+0) o

— —

L]

(zw/m>)
o]

—~

¢
el
—

14
2
10

< o~
—

|

(c)

(b)

(a)





media/file3.jpg





media/file19.jpg
®)





media/file7.jpg
£=172.75 mm

curvature
1319 MM Gecreases

curvature
increases






media/file10.png
Solar Irradiance:

Air Mass 1.5

Solar Reflectance:

o¢ = .852+.003
— .795+.005

Ps

-






media/file14.png
(;W/MmX) Po

o
o o o
— (s 0] O

160
-140
120
40
20

|
HEEN

(;W/MmX) Po
o

o
o o
m o

500
-400
-100

=
HE
| .

HEEEEY TEEn
HEEEEN T T EENE

(b)






media/file11.jpg
Flux (kw/m?)

250

150

0

102500 102600 102700 102800 102900 103000 103100
Hour (Local time)





media/file6.png
——
e





media/file15.jpg
@





nav.xhtml


  energies-16-03927


  
    		
      energies-16-03927
    


  




  





media/file16.png
(Lw/m) Pp
© ~

(=3}
— —~ —

(o] wn <
— — —

.

(zw/m>) Po
o0} o <t u

— — —

-20

o~ (=]
o~ o

. N - SN
- ] N
p p
(;w/my) P (;w/m) P
o~ o w o =y o~ < o~ o @ [{=] =
o~ N —~ —~ —~ —~ N ~ N — — —~
VS Ve
o v
_H_ - -
(zw/mx) Po (zw/m) P
o~ o [s0] [te} < o (o] (o] <t ~
o~ N —~ —~ —~ ~ —~ —~ —~ ~
L~ VS
p p

L L
E .1}
L

o n






media/file2.png
Solar light Secondary reflector

: \

Secondary

b

reflector

Primary
" reflector

\ Primary reflector

Homogenous

output flux

(a) (b)





media/file20.png
(Lw/m) Po
3 S

-24
-20

< o~ o
—~ —~ —

-22

[

N
&)
N’
(zw/m) Po

= n o n = ) o

(Te] o~ o ~ Ta] o~ o
VS
N’

(zwim) P
S N S N S 1 o
un o~ o ~ wn o~ (=]
o~ o~ — —

o~ —~ —~

]
()






media/file5.jpg





media/file1.jpg
‘Secondary reflector






media/file12.png
Flux (kW/m?)

300

! /’\,/JMNHM

250

200

150

100

50

0
10:25:00

10:26:00 10:27:00

10:28:00

Hour (Local time)

10:29:00

10:30:00

10:31:00





media/file9.jpg





media/file0.png





media/file8.png
r=95.45mm

f.=172.75 mm
curvature
, f,=132.54 mm\, ‘h 15.19 mm
curvature

SO X
Ny=17.19 MM { reases

S+






media/file17.jpg
i ®)





