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Abstract

:

An innovative parabolic trough concentrator coupled to a twin cavity receiver (PTC-TC) in evacuated tube conditions is investigated thermally and optically. The suggested design is compared with a PTC design with a flat receiver (PTC-F) in order to evaluate the efficiency of the proposed configuration. In the very first stages of the study, the optical efficiency was calculated for both collectors, and the optimum design was determined in the PTC-TC case. Then a mass flow rate independency procedure was conducted to ensure accurate results and to make a suitable comparison. The collectors were examined in a wide range of inlet temperatures ranging from 20 °C to 200 °C, and the thermal performance was calculated. Through the comparison process, it was revealed that the proposed collector appears to have higher thermal performance than the typical collector. In particular, there was a mean enhancement of approximately 8%, while the minimum enhancement was found to be greater than 5%. The simulation results regarding both configurations were verified through two models based on theoretical equations. In both geometries, the mean deviations in the verification procedure were lower than 5.6% in both the Darcy friction factor and the Nusselt number. The design and the simulations were conducted with the SolidWorks Flow Simulation tool.
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1. Introduction


The parabolic trough collector (PTC) is the best representative of concentrating solar thermal systems and can be utilized in an extended range of applications. A PTC can operate within a wide temperature range, from low temperatures even up to 600 °C, using a large variety of working mediums, from simple water up to sophisticated thermal oils, molten salts, and nanofluids, for ensuring the greatest performance in each individual case. The most well-known areas where a PTC could contribute are electrical power generation, solar cooling (with sorption machines), heating desalination, oil recovery, and dehumidification [1,2,3].



The vital need for enhancement of PTCs’ thermal efficiency has led, over the years, to the development of several different methods and techniques. Typical methods examine the flow regime in the tube, and there has been a great effort to affect and modify positively this regime in order to achieve greater thermal efficiency. This modification happens with the integration of flow inserts as metal fins and foams, as well as twisted tapes and perforated plates, with the use of sophisticated working mediums such as nanofluids and with the use of specially treated tubing systems such as ribbed and corrugated tubes.



Zhu et al. [4] studied the effect of a wavy metal strip on the interior of a PTC tube, and it was revealed that thermal losses were reduced by 18%, which led to greater thermal performance. In another work, Bellos et al. [5] examined a PTC with a novel insert with a star form integrated inside the absorber-flow tube and found that the maximum possible enhancement did not exceed 1%. In the study of Abad et al. [6], copper foam was applied inside the PTC receiver tube, and this had a significant effect on the convection regime between the receiver and the working medium. In particular, the use of copper foam led to a remarkable enhancement of the Nusselt number, which in turn led to enhanced thermal performance. Moreover, Mwesigye et al. [7] introduced parallel perforated plates at the inner part of the receiver of a PTC in order to improve thermal efficiency. More specifically, the diameter and the distance between the plates, as well as the slope of the latter were optimized, and it was found that the greater the distance between the plates the higher the Reynolds number and thus the intensity of the convective regime. In the study of Liu et al. [8], a twin-twisted tape was inserted in a PTC, and the flow state was examined. It was found that there is an important effect on the formation of the flow from the geometrical characteristics and the orientation of the tapes (swirling direction). Furthermore, Bellos et al. [9] studied a nanofluid-based PTC with wavy configurations at the inner walls of the tube. From the simulation, it came out that in comparison with a typical receiver tube, the thermal performance of the proposed PTC could be slightly enhanced.



Alnaqi et al. [10] examined the effect of a couple of twisted tapes inserted in the absorber of a PTC by using a hybrid nanofluid. In this analysis, various tape diameters and several swirling orientations were tested. It was revealed that the performance of the collector increased when the twin tapes achieved a specific swirling orientation and when the concentration of the nanoparticles in the working medium took higher values. In the study of Rehan et al. [11], the thermal performance of a PTC was set under investigation by applying Al2O3/H2O and Fe2O3/H2O nanofluids and varying the particle concentrations. It was found that the utilization of nanofluid improves the efficiency of the collector, especially when Al2O3/H2O is applied and when the concentration of the nanoparticles increases. As far as the highly concentrating nanofluids, there are many systems that have been examined numerically, and remarkable thermal efficiency enhancements have been observed. However, in real operating conditions, agglomeration issues prevent such an enhancement, and thus the operation of the systems could be affected negatively [12].



Another important aspect, which should be taken into consideration in the PTC thermal efficiency enhancement field, is the design of the receiver and the treatment of its surface. Typical PTC absorbers are usually coated by solar selective materials that ensure significantly high solar absorbance by almost eliminating thermal emissivity. Nevertheless, such coatings are accompanied by special materials and high amounts of energy to be consumed for the production and deposition process. These factors increase remarkably the cost of production and the environmental impact. Hence, it is important to avoid these disadvantages and to find alternative solutions to obtain the desired result. The linear cavity receivers seem to be a novel idea, since they could cooperate with low-cost and environmentally friendly coatings with medium solar absorbance in the range of 0.75 to 0.85 [13,14] by ensuring significantly higher absorbance due to the solar irradiation entrapment [15].



However, only a few studies have been conducted in the field of linear cavity receivers, and most of them are regarding V-cavities [16,17,18,19,20,21,22,23,24]. For instance, Chen et al. [21] conducted experiments and examined the operation of a novel V-type cavity PTC working with thermal oil. The receiver was insulated with thermal insulation, and the aperture of the receiver was covered by glass. The collector appeared to have a sufficiently high thermal efficiency. The linear circular cavity receiver, which is in the main scope of the present work, has not been examined widely. Korres and Tzivanidis [25] were the first who developed two semi-empirical formulas for estimating the equivalent absorbance of linear circular cavity receivers by taking into consideration the multiple reflections that occur in the cavity. The same research team [15] examined a small PTC with such a cavity receiver enclosed inside an evacuated tube, something that appeared for the first time in the literature. The proposed collector was found to exceed the conventional PTC configuration optically and thermally by 13.0% and 12.2%, respectively. Moreover, in Ref. [26], a PTC with a partially-evacuated cavity receiver was compared with a conventional design, and it was revealed that the cavity design had greater thermal efficiency.



In this work, a new small-scaled PTC with a twin-cavity receiver (PTC-TC) was examined thoroughly and compared with a designed flat receiver PTC (PTC-F). Both designs are novel and are promising solutions, but the twin-cavity idea is a more promising one due to its advanced design. Specifically, the twin-cavity design presents high novelty due to the special design that leads to both high thermal and optical performance, exploiting the advantages of the cavity receivers on a linear concentrating technology. The comparison was conducted regarding thermal and optical efficiency, while the PTC-TC geometry was firstly optimized. In the optimization procedure, several geometrical parameters were taken into account in order to achieve the desired result. Then the two collectors were inserted in the SolidWorks Flow Simulation environment, and two different numerical models were developed. Several different mesh grids were examined in each model in order to ensure independence from the grid results. A similar procedure was performed for the flow rate, and the optimum one was determined for each configuration. Then, the two geometries were compared with each other for a wide range of inlet temperatures from 20 °C up to 200 °C. The thermal efficiency and the thermal losses were determined first. It was revealed that the proposed PTC exceeds the PTC with the flat receiver by 8% on average in thermal performance. Syltherm-800 was used as the working fluid in the collectors, while the latter were designed and simulated in SolidWorks. Moreover, the results arising from the numerical simulation were verified through two different theoretical models. Practically, the objective of the present study was to examine in detail the performance of a twin-cavity receiver and to compare it with another design with a flat absorbing area. The comparison was conducted parametrically, after an initial optimization of some critical design aspects (geometrical and flow) of the twin-cavity receiver.




2. Materials and Methods


2.1. Examined Configurations


Two PTCs were studied in the present work, one with a twin cavity receiver (PTC-TC) and one with a flat plate absorber (PTC-F). Both receivers were enclosed inside evacuated tubes for ensuring the minimization of thermal losses. The design of the collectors is given in Figure 1. This Figure depicts the geometry of the two examined PTCs. It is important to mention that there is a specific position between the receiver and the reflector in each case. In particular, the receiver with the twin cavities is in a position where the reflector’s focal distance is on the centerline axis of it, and all the reflected solar rays end up at the interior of the two cavities. The specific geometry was revealed through an optimization that took place via a ray tracing process in order to ensure the optimum useful power. This optimization is described in the next stages of the manuscript. The positioning in the PTC-F is simpler than in the PTC-TC, since the focal point here is located in the middle of the receiver between the twin tubes. All the models’ dimensions are given in Table 1.




2.2. Operating Conditions and Methodology


2.2.1. Ray Tracing


The optical performance was the first parameter that was set under investigation. Ray tracing was done in the SolidWorks Flow Simulation tool, considering the absence of fluid, by taking into account only the absorbed solar power from the receiver in each case. The reflector in each PTC was assumed to have a reflectance (ρ) of 94%, while the glass envelope was considered to have 89% transmittance and 88% emittance. The receivers in both PTCs were covered by a coating with a solar absorbance of 80% and a thermal radiation emittance of 10% [13,14]. The available effective solar irradiation in the ray tracing was taken at the value of 1000 W/m2. As for the twin-cavity receiver PTC, an optimization procedure was conducted in order to determine the optimum receiver design. For the particular optimization, three different parameters were put forward, namely, ω and φ angles, as well as their (q) distance, which are depicted in Figure 2.



It is remarkable to state that more than 400 combinations of the optimization parameters were tested for achieving the optimum result. The (ω) and the (φ) parameters were in the range of 20°–60° and 20°–100°, while the (q) distance took values in the range of 2.5 mm up to 25 mm. More specifically, five different values were selected for the (φ) parameter, eight for the (ω) parameter, and eleven for the (q) parameter, with the total combinations reaching the value of 440. Then the optimum geometry was determined, and the optical efficiency was calculated for both examined PTCs.




2.2.2. Extensive Simulation


The thermal performance of the two PTCs is a crucial factor, and thus it was examined thoroughly in the present study. In this part, an extensive simulation, including thermal, flow, and optical simulation, was developed and conducted in the SolidWorks Flow Simulation environment for each examined model. The working medium of the analysis was Syltherm-800, and its properties can be found in Ref. [12]. The PTC-F and the PTC-TC were compared to each other as regards the thermal performance and the overall thermal losses. Before the comparison, it was necessary to optimize each model as far as the flow rate is concerned. Hence, several different rates were applied from 40 lt/h up to 480 lt/h, assuming a representative inlet temperature of 100 °C.



A detailed thermal analysis followed the flow rate independency, and the collectors were examined for various inlet temperatures ranging from 20 °C to 200 °C. It should be mentioned that the particular temperature range was within the typical ranges where small-scaled PTCs are being examined [27,28,29]. The simulations were performed for a flow rate of 160 lt/h, which was determined as the optimum rate for both cases. The direct beam solar irradiation was assumed to be 1000 W/m2 perpendicular to the aperture, the environment temperature took the value of Ta = 20 °C, and the wind heat convection coefficient was considered to be hw = 10 W/m2/K, which is a typical value. As regards the optical properties of the collectors’ subcomponents, these were selected at the same values as in the ray tracing stage.





2.3. Simulation Analysis


2.3.1. Numerical Simulation Details


The simulation tool for the present work was SolidWorks Flow Simulation [30]. There are many studies where this software has been used in the literature, while various validation/verification procedures have been conducted with experimental results and various theoretical–analytical solutions that make SolidWorks Flow Simulation reliable numerical simulation software [4,7,9,12,15,31,32,33,34,35,36]. The main assumptions for the simulations are given in Table 2. The third assumption was taken considering that the reflector and the glass envelope were very close to each other, and that the reflector’s temperature was close to the ambient temperature. This assumption also appears in several different works [15,36,37]. Another important aspect that should be mentioned is that the thermal simulations were conducted considering a realistic concentration process, and thus the receiver temperature and ray tracing distribution were non-uniform.




2.3.2. Sensitivity Analysis


An important step in the development of the simulation models is the mesh independence procedure. Thus, 8 different meshes were examined for every model, aiming to determine the most suitable one which leads (i) to accurate results and (ii) to a reasonable computational time. The two main criteria were applied for choosing the most suitable mesh for each model, and they were the convergence of the thermal efficiency and of the receiver temperature. Table 3 presents the sensitivity analysis of the mesh independence analysis. The finally selected mesh size had 1.62 × 106 elements in the PTC-TC case and 1.94 × 106 elements in the PTC-F model. The fluid region was covered by 31% and 26% of the total elements in the PTC-TC and PTC-F, respectively. The mesh was also refined properly on the absorbing surfaces and the solid-to-fluid interfaces. Figure 3 gives the mesh illustration of the interior of the tube in order to present a clear view of the mesh structure. It is important to mention that the fluid mesh was identical in both cases, since the number of fluid cells was 0.5 × 106 in both models.





2.4. Analysis of Equations


In this section, the optical, thermal, and flow analysis equations are provided [38,39]. The thermal efficiency of the PTC is defined as:


   η  t h   =    Q u     Q s    =    Q u     A a  ⋅  G  b T      



(1)







The optical efficiency of the PTC is defined as:


   η  o p t   =    Q  a b s      Q s     



(2)







The solar irradiation on the collector surface is calculated as:


   Q s  =  A a  ⋅  G  b T    



(3)







The useful heat production is calculated as:


   Q u  =  m ˙  ⋅  C p  ⋅  (   T o  −  T i   )  =  h f  ⋅  A s  ⋅  (   T s  −  T  f , m    )  =  Q  a b s   −  Q L   



(4)







The mean fluid temperature is estimated as:


   T  f , m   =    T o  +  T i   2   



(5)







The thermal losses can be calculated as:


   Q L  =  [   h w  ⋅  (   T g  −  T α   )  +  ε g  ⋅ σ ⋅  (   T g 4  −  T α 4   )   ]  ⋅  A  g , o    



(6)







Equation (1) provides two different expressions for thermal efficiency, and Equation (2) indicates that the optical performance is a function of the absorbed solar power (Qabs) and the available solar power on the PTC (Qs). The latter is expressed in Equation (3), while the useful output is available in Equation (4). Equation (5) is used for the calculation of the average temperature of the working fluid. Last but not least, the total thermal losses are expressed by Equation (6). Apart from the optical and thermal analysis equations, the respective equations for the flow analysis part are equally significant, and thus it was necessary to present them too [40].



The Reynolds number, which is given in Equation (7), is one of the most important parameters for flow analysis, since it constitutes an indication of the flow regime intensity. The critical Reynolds number in Equation (8) provides us with information on whether or not the flow regime transitions from the laminar to the turbulent [41]. This number is calculated as a function of the Darcy friction factor, which is described in Equation (9) [42]. In Equation (10), the Nusselt number is expressed as the product between the heat convection coefficient inside the flow tube and the inner diameter of the tube divided by the thermal conductivity, which is determined considering the average fluid temperature according to Equation (5). The heat transfer coefficient (hf) is calculated via Equation (4).


  R  e  D , t   =    u t  ⋅  D  t , i    ν   



(7)






  R  e  c r , t   = 140 ⋅    8 /   λ t       



(8)






   λ t  = 2 ⋅    D  t , i      L t    ⋅   Δ  p t     u t    2  ⋅  ρ f     



(9)






  N u =    h f  ⋅  D  t , i      k f     



(10)







Regarding the verification procedure, Equations (11)–(14) were applied. These equations represent the theoretical expressions of the Nusselt number and the Darcy friction factor for the laminar (Equations (11) and (13)) and the turbulent (Equations (12) and (14)) conditions, respectively [12,15,42,43,44]. Equations (11) and (13) are applied for the verification of the numerical models when the critical values of the Reynolds number are less than the unit. In the cases where the critical Reynolds number becomes greater than 1, Equations (12) and (14) are put forward for the verification process.


   λ  t , l a m   =   64   R  e  D , t      



(11)






   λ  t , t u r   = 0.25 ⋅    (  l o g  (   7 /     (  R  e   D  1 , i      )    0.9      )   )    − 2    



(12)






  N  u  l a m   =   3.66 + 0.0668 ⋅ R  e   D t    ⋅ P r ⋅  D t  /  L t     (  1 + 0.04 ⋅    (  R  e   D t    ⋅ P r ⋅  D t  /  L t   )    2 / 3    )     



(13)






  N  u  t u r   = 0.023 ⋅ R  e   D  1 , i        0.8   ⋅ P  r  0.4    



(14)









3. Results and Discussion


3.1. Verification of the Developed Models


Before proceeding with the optical and thermal analysis results, it is essential to present the verification results regarding the two numerical models that were developed in the present work. The verification was conducted for the whole operating temperature range using two different models from theory (see Equations (11)–(14)) as concerns the Darcy friction factor as well as the Nusselt number. To use the abovementioned formulas properly, it was necessary to define when the flow transition from the laminar to the turbulent regime took place in every PTC. It could be found by calculating the Reynolds ratio (Re/Recr), as Figure 4 suggests.



As is depicted in Figure 4, the transition to the turbulent state was different for each PTC. More specifically, the transition happened from 140 °C to 160 °C in the PTC-TC and in the range of 160 °C to 180 °C in the PTC-F. This difference existed due to the higher temperature levels of the PTC-TC against the PTC-F. Hence, the theoretical models were applied for the whole operating temperature range by also taking into consideration the transition regions, which came from Figure 4. Figure 5 presents the verification results concerning the Nusselt number and the Darcy friction factor for the PTC-TC. The respective results for the PTC-F are given in Figure 6.



Figure 5 and Figure 6 show that there is an acceptable agreement between the CFD and the theoretical results. In particular, the mean declination from the theoretical values does not exceed 5.0% as regards the PTC-TC in the Nusselt number and the Darcy friction factor. As far as the PTC-F is concerned, this declination is lower than 5.6%. Moreover, Figure 5 and Figure 6 indicate the transition from the laminar flow regime to the turbulent flow regime. It is clear that the transition regions are identical to those found in Figure 4 from the Reynolds ratio calculation.




3.2. Optical Analysis Results


This subsection refers to the results coming from the optical optimization of the PTC-TC as far as the geometry of the cavities is concerned. The optimization was based on three different parameters (ω, φ, and q), while several different combinations were examined for achieving the desired result. The optimization results are presented in Figure 7. More specifically, the specific chart depicts five different efficiency curves, each one of which corresponds to a specific (ω) value as a function of the (φ) parameter. These curves were plotted considering the (q) values that ensure the maximum optical performance in each case.



Figure 7 shows that the optical performance declines with the increment of the cavity angular aperture (φ). This happens because the lower the (φ) parameter, the higher the solar radiation entrapment and vice versa. Moreover, the optical performance shows the same behavior as the (ω) parameter also increases. Thus, according to Figure 7, the best solution seems to be a twin cavity with ω = 30° and φ = 20°. However, a more detailed analysis revealed that in this case as well as in the scenario where φ = 30°, the maximization of the optical performance was observed for only a specific (q) value, and thus there was not any sustainability. The same also happened in the case where ω = 20°. For these reasons, a (φ) of 40° was finally selected with ω = 30° and q = 8 mm. This configuration showed an optical performance of 79.9%. As regards the PTC-F optical performance, the ray tracing results indicated an optical performance of 72.52%. In other words, the PTC-TC configuration seemed to exceed significantly the PTC-F in optical performance, providing an enhancement of 10.14%, which is remarkable.




3.3. Thermal Analysis Results


This section is dedicated to the results concerning the thermal investigation of the studied collectors. The thermal efficiency and the total thermal losses are presented in Figure 8 and Figure 9, respectively, for the whole operating range (20 °C–200 °C) of this study. Figure 8 comes to prove the superiority of the PTC-TC against the PTC-F in thermal efficiency. More particularly, the mean enhancement gained from the use of the cavity configuration reached 8%, which is a remarkable percentage for this kind of application. The specific enhancement ranged from 5.25% up to 9.85%, achieving its lower values in high operating temperatures due to the increase of heat losses. According to Figure 9, thermal losses seemed to take reasonably higher values in the PTC-TC geometry, since the receiver surface in the latter was much greater than in the PTC-F.



In Figure 10 and Figure 11, the mean values of the receiver and the glass temperature are presented for the whole operating range. As Figure 10 shows, the receiver temperature seemed to be greater in the PTC-TC case for almost the whole operating range. This is reasonable considering that the receiver of the PTC-TC absorbed 10.14% more solar irradiation than the PTC-F receiver. It is interesting to comment that for the inlet temperature of around 160 °C, the temperature of the receiver for the PTC-F was about 7 K higher compared to the PTC-TC case. This result happened due to the earlier transition of the PTC-TC to the turbulent state compared to the PTC-F. According to Figure 11, the glass temperature level was higher in the PTC-TC, which is a reasonable result because the receiver absorbed more solar power and it also had a greater size than that of the PTC-F geometry.



Figure 12 illustrates the receiver temperature allocation for the operating point of Ti = 100 °C for each PTC. As Figure 12 shows, the receiver temperature fields were higher in the PTC-TC scenario than expected, since in this case, the solar absorption was greater. It is also critical to say that the temperature in both receivers had, reasonably, higher values in the region where the solar irradiation was concentrated in every case. This proves that the ray tracing simulation is very close to the real ray tracing procedure.



Figure 13 gives an illustration of the temperature fields of the working medium and the receiver at a transversal section of both collectors in the middle of them. It is clear, as seen in Figure 13, that the temperature of the working fluid was higher in the cavity receiver case, as was expected. The same happened with the temperature of solid bodies. Both occurred because the receiver in the cavity case was greater, and it absorbed more solar irradiation with a much greater equivalent solar absorbance. Figure 14 depicts the temperature distribution in the receiver and the working fluid in each collector through several transversal sections along each absorber. It became obvious that the temperature allocations were becoming higher going from the inlet to the outlet of the collectors. In addition, the PTC-TC seemed to prevail against the PTC-F, appearing in higher temperature fields in all the compared positions along the collectors.



At this point, it is useful to discuss the findings of the present work. It is clear that both examined designs were efficient choices for operation up to 200 °C. The PTC with the twin-cavity was the best choice, and this fact indicates that the use of the twin-cavity is a promising choice for the design of future PTCs that operate at medium temperatures. Generally, the results of the present work indicate thermal efficiency of over 60% which is a very promising result concerning the system viability. The advantage of the suggested design is the lower cost compared to the conventional PTC due to the lack of the evacuated tube which is an expensive component of the PTC.



In the future, it is important to test the present solar system coupled to applications (e.g., solar cooling or power production with organic Rankine cycle) in order to evaluate the systems energetically and economically. Moreover, the present systems can be examined for different solar angles in order to determine their optical performance for different operating conditions, and so it will be possible to examine these systems on a daily basis. Last but not least, the experimental investigation of the suggested configurations is a critical next step that has to be conducted for extracting extra conclusions regarding their operation.





4. Conclusions


In this work, a new type of PTC with a twin-cavity receiver is introduced as an alternative solution for small-scaled PTC applications. The investigation was conducted for a typical operating temperature range of such applications, which extends from 20 °C up to 200 °C. The specific collector was also compared to a PTC with a flat plate absorber configuration.



First of all, it is important to mention that the simulation results were verified through their respective theoretical results. In the verification process, there was excellent agreement between the theoretical and the CFD results, with the mean deviations being lower than 5.6% in both cases. This fact ensures the reliability of the present simulations. Moreover, it is significant to mention the superiority of the PTC-TC versus the PTC-F in optical and thermal terms. Particularly, there is a great enhancement of 10.14% in optical efficiency, while the respective improvement in thermal efficiency reaches 9.85% in low temperatures and 5.25% in high ones.



As a general conclusion, it must be noted that the proposed collector (PTC-TC) was optimized and found to far exceed the PTC with the flat receiver (PTC-F) in optical and thermal performance. This fact indicates the superiority of the suggested geometry and its potential for being applied as an alternative solution in small-scaled PTC applications. Generally, the results indicate that the thermal efficiency of the PTC-TC is over 60%, which is a very promising result concerning the system’s viability.
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Nomenclature




	
A

	
Area, m2




	
Cp

	
Specific heat capacity, kJ/(kgK)




	
D

	
Diameter, m




	
G

	
Solar irradiation, W/m2




	
h

	
Heat convection coefficient, W/(m2K)




	
k

	
Thermal conductivity, W/(mK)




	
L

	
Length, m




	
m

	
Mass flow rate, kg/s




	
Nu

	
Nusselt number




	
p

	
Pressure level, N/m2




	
Pr

	
Prandtl number




	
Q

	
Heat rate, W




	
q

	
Distance between “F” and “G” points, m




	
Re

	
Reynolds number




	
T

	
Temperature level, °C




	
u

	
Fluid speed, m/s




	
w

	
Width, m




	
Greek symbols




	
α

	
Absorbance




	
ε

	
Emittance




	
η

	
Efficiency




	
λ

	
Darcy friction factor




	
ν

	
Kinematic viscosity, m2/s




	
ρ

	
Density, kg/m3, or Reflectance




	
σ

	
Boltzmann constant, W/(m2K4)




	
τ

	
Transmittance




	
φ

	
Angular aperture of the cavity, o




	
ω

	
Rotation angle of the cavity, o




	
Abbreviations




	
PTC

	
Parabolic trough collector




	
PTC-TC

	
PTC with twin-cavity receiver




	
PTC-F

	
PTC with flat receiver




	
Subscripts




	
α

	
Ambient or Aperture




	
abs

	
Absorbed




	
cr

	
Critical




	
bT

	
Direct beam




	
f

	
Working fluid




	
g

	
Glass




	
i

	
Inlet “for T” or “for D”




	
L

	
Overall thermal losses




	
lam

	
Laminar




	
m

	
Mean




	
o

	
Outlet “for T” or “for A”




	
opt

	
Optical




	
p

	
Absorber




	
R

	
Reflector




	
s

	
Solar or Tube’s wall




	
t

	
Flow tube




	
th

	
Thermal




	
u

	
Useful




	
w

	
Wind
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Figure 1. The examined designs: (a) PTC-TC, (b) PTC-F. 
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Figure 2. Parameters for optical optimization of the PTC-TC. 
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Figure 3. Mesh grid inside the flow tube in both cases. 
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Figure 4. Reynolds ratio for both PTCs (the horizontal dotted red line indicates the transition limit). 
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Figure 5. Verification evidence for the PTC-TC design regarding the flow and heat transfer. 
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Figure 6. Verification evidence for the PTC-F design regarding the flow and heat transfer. 
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Figure 7. PTC-TC optimization results: optical efficiency values for different combinations of the parameters (φ) and (ω). 






Figure 7. PTC-TC optimization results: optical efficiency values for different combinations of the parameters (φ) and (ω).



[image: Applsci 12 12551 g007]







[image: Applsci 12 12551 g008 550] 





Figure 8. Thermal efficiency of the PTC-TC and PTC-F. 
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Figure 9. Total thermal losses of the PTC-TC and PTC-F. 
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Figure 10. Mean receiver temperature comparison. 
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Figure 11. Mean glass temperature comparison. 






Figure 11. Mean glass temperature comparison.



[image: Applsci 12 12551 g011]







[image: Applsci 12 12551 g012 550] 





Figure 12. Receiver temperature allocation for an inlet temperature at 100 °C. 
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Figure 13. Temperature allocations of the receiver and the working fluid in the middle of the collectors for an inlet temperature of 100 °C. 
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Figure 14. Temperature allocations of the receiver and the working fluid in several different sections along the collectors for an inlet temperature of 100 °C. 
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Table 1. PTC basic dimensions for both designs.
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	Dimension
	PTC-TC
	PTC-F





	Glass tube outer diameter
	56 mm
	56 mm



	Glass tube thickness
	2 mm
	2 mm



	Receiver outer diameter/width
	20 mm
	40 mm



	Receiver thickness
	0.6 mm
	0.2 mm



	Flow pipe outer diameter
	8 mm
	8 mm



	Flow pipe thickness
	0.6 mm
	0.6 mm



	Focal distance
	80 mm
	80 mm



	Aperture width
	200 mm
	200 mm



	Aperture length
	1000 mm
	1000 mm
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Table 2. Simulation assumptions.
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	Assumption Number
	Assumption Description





	1
	Diffusive thermal radiation



	2
	Grey bodies consideration



	3
	Tsky,eff = Tα



	4
	Sun shape effect consideration



	5
	Fully developed flow
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Table 3. Sensitivity analysis regarding the mesh selection for the PTC-TC and PTC-F.
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PTC-TC






	
Examined Mesh

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8




	
Mesh Cells

	
0.49 × 106

	
0.68 × 106

	
0.88 × 106

	
1.11 × 106

	
1.37 × 106

	
1.62 × 106

	
1.95 × 106

	
2.25 × 106




	
Tr (°C)

	
109.8

	
111.5

	
118.2

	
118.4

	
118.6

	
118.6

	
118.7

	
118.7




	
ηth

	
74.18%

	
74.04%

	
73.44%

	
73.41%

	
73.39%

	
73.37%

	
73.36%

	
73.36%




	
Final selection

	

	

	

	

	

	
Selected mesh

	

	




	
PTC-F




	
Examined Mesh

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8




	
Mesh Cells

	
0.57 × 106

	
0.75 × 106

	
0.98 × 106

	
1.18 × 106

	
1.39 × 106

	
1.66 × 106

	
1.94 × 106

	
2.25 × 106




	
Tr (°C)

	
113.9

	
115.9

	
116.2

	
116.4

	
116.5

	
116.5

	
116.6

	
116.6




	
ηth

	
67.79%

	
67.70%

	
67.67%

	
67.68%

	
67.66%

	
67.69%

	
67.61%

	
67.63%




	
Final Selection

	

	

	

	

	

	

	
Selected mesh
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