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Abstract

:

Efficient operation of thermal solar power plants is strongly dependent on the central receiver design. In particular, as the receiver tube determines the temperature behavior inside the receiver, its geometry proves to be the main factor affecting the solar tower receiver performances. This paper investigates the effect of several 3D geometric concepts on both temperature evolution and velocity of the working fluid at the receiver, in order to obtain an enhanced design, with augmented efficiency. A novel receiver tube with helical fins is proposed, aiming an increased heat exchange surface and improved thermal conduction. Extensive numerical simulation is carried out in ANSYS CFX (CFD) to assess the performances of the proposed solar tower receiver design. An unstructured mesh, generated by a computation machine, and (k-ε) turbulence model are employed to this regard. The results show that the tubes with helical fins for solar tower receivers give a very important increase in the outlet temperature, which can reach up to 1050 K.
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1. Introduction


1.1. General Considerations


Thermal solar power rapidly gains interest during past decades, as a consequence of its higher energy conversion efficiency compared to other renewable energy technologies. For instance, if only focusing on the solar energy employment, it is emphasized that thermal solar power shows a demonstrated peak solar efficiency of 29% [1], while photovoltaic panels do not exceed 23% [2].



Within a thermal solar power plant, the solar receiver (which converts concentrated solar irradiation into thermal energy) represents one of the key components. Solar receivers using molten salt as heat transfer fluid are the most used, having successful applications in commercial plants (Figure 1) [3].



The solar receiver tube plays a very important role in increasing the efficiency of the solar tower producing thermal energy by converting solar energy into heat. Thus, many studies focus on improving the geometry of solar receivers to increase the thermal efficiency of the solar tower.




1.2. Literature Review


Garbrecht et al. [4] presented an innovative design of a molten salt solar receiver tower, consisting of numerous hexagonal pyramid elements arranged with their vertices pointing towards the heliostats. The thermal efficiency of this new receiver was evaluated based on CFD simulations is higher than that determined for existing concepts in the literature. The highest surface temperature predicted by the simulation is approximately 1070 K at the pyramidal base.



Pacio and Wetzel [5] conducted a study on the current state of liquid metal technology. They used (liquid sodium, PbBi alloy, and molten salt) to increase overall efficiency and reduce specific costs. This will require higher operating temperatures and higher heat flux densities. The results of an experimental study presented by Peipei Xu et al. [6] show that both water and wall temperature distribution are very unequal on the axial and radial directions. It has also been found that the thermal efficiency of the receiver tube increases with the input velocity.



In their work, Boerema et al. [7] studied the effect of different geometries on the resulting surface temperatures of tubular panel receptors. Four designs of tubular panels are examined in view of the sensitivity of these designs to high temperatures resulting from the modification of the heliostats network aiming point. They examined a single diameter tube receiver, an ideal flux receiver, a receiver using tubes of different diameters, and a receiver panel with tubes in series. Single and multiple diameter receptors exhibited high temperatures and high sensitivity under non-standard irradiation. They demonstrated that the large variation in HTF (Heat Transfer Fluid) output temperatures for the single-diameter receiver resulted in a high surface temperature with a maximum of 861 °C, while the multi-diameter receiver partially reduced surface temperatures. Pabst et al. [8] used a volumetric air receiver with a new material, so they performed two tests to show that the air outlet temperatures can reach up to 800 °C.



The influence of geometric internal surfaces also concerns a majority of research work. Deng et al. [9] proposed a model of heat transfer as a function of the angle factor. They developed the internal surface factor equations in the receiver with the finite difference method and an automatic mesh generation technique to solve the surface angle factor equations inside the receiver. Uhlig et al. [10] have tried to increase the size of the receiver in order to reduce the heat flux and thus the receiver temperatures, but this approach increases the specific costs of the receiver.



A new external receiver design, made of bayonet tubes, is proposed by Rodríguez-Sánchez et al. [11] to improve the thermal and mechanical behavior of the receiver during operation. The study proved that lower wall temperatures reduce receiver heat losses and enable an increased thermal efficiency by 2%. On the other hand, the lower temperatures of the film make it possible to use smaller tubes and to reduce the heliostats field. Colomer et al. [12] presented an advanced methodology for detailed modeling of heat transfer and fluid dynamics phenomena in solar tower receivers. The full model is composed of four sub-models (heat conduction, two-phase flow, thermal radiation, and natural convection). Montes et al. [13] proposed a new design for the surface of the active absorber of solar receivers for tower plants, dividing the flux into many circuits as quasi-symmetrical regions are defined on the surface of the absorber.



Sanchez-Gonzalez and Santana [14] presented, in 2015, a methodology to project the distribution of the flux from the mapping within the panels of the solar tower receiver. Thus, a computer code developed to model this methodology and the confrontation with SolTrace software has been successful, providing a new model that can provide a detailed thermal performance analysis and indicate effective ways to improve it. Qiu et al. [15] investigated heat loss reduction and parameter optimization. The results obtained report an outlet temperature of 572 °C with an air flow rate of 5 m3/h.



Badar et al. [16] studied the pressure losses issued by junction in a solar collector by means of modeling and simulation of a simplified collector junction in ANSYS Fluent. The results demonstrate that the losses depend on the flow rate, while the Reynolds number is low. Moreover, the proposed simulation model is able to predict the flow distribution for a multi-tube collector in a wide range of values for the Reynolds number. Liao and Faghri [17] proposed a new design of molten salt receiver of solar tower plant. This receiver is equipped with an evaporator series attached to the heat pipe. The evaporators added to decrease the molten salt freezing potential inside the receptor tube, thus extending the daily operating time of the receptor. The results show that the efficiency of the proposed design is 3% higher than the receptor Molten Salt Electrical Experiment cavity receiver. Maytorena and Hinojosa [18] presented a numerical study of a modified model of molten salt receiver that is based on the receiver model of Rensselaer Polytechnic Institute. This study fussed on the analyze of the creation of direct steam in a vertical tube. This model gave an increase in the mass of flow steam of 4.28 times with 44% of mass flux reduction. Montoya et al. [19] performed a finite element analysis of thin-walled tubes in a molten salt receptor. Their results proved that mechanical stresses play an important role in the distribution of the stress of the receptor tube. Moreover, they found that the stress component varying with respect to the mechanical boundary conditions is the axial stress. Therefore, the thermal stress of the tube has two components: one component of the internal stresses and another of the external stresses. It is highlighted that the last constraint is generated by the clips preventing thermal bending, which multiply about three times the equivalent stress. Wang et al. [20] investigated five new receptors with ailerons like design, aiming to improve the optical efficiency of the solar tower. It is noticeable that the proposed receptors are able to effectively decrease peak fluxes by more than 40% while reducing the optical efficiency by less than 1.1%. Kanatani et al. [21] developed a solar cavity receiver model using helical tubes for the heat absorber.




1.3. Aims of Research


According to the detailed literature review presented above, increasing the output temperature of the receiver is related to improving the heat transfer in the receiving tubes that is a key focus in the field of concentrated solar power. This paper presents a comparative numerical study of new receiver shapes, which aims to define the optimal receiver geometry that has the high heat transfer and high output temperature. The mathematical modeling concept are presented in Section 3 and all related quantities are listed in the Abbreviation. In addition, the temperature inside the receiver should not exceed the fusion temperature material of the receiver. To answer this problem, this research aims to increase the heat exchange surface and improve the heat conduction by proposing a helical finned receiver tube.



The proposed model is simulated in ANSYS CFX using molten salt (NaNO3-NaNO2-KNO3) with the heat transfer proprieties that are presented Table 1.





2. Proposed Receiver Tube Geometries


Figure 2 shows the proposed new design of the receiver tube in a solar tower. The internal geometry of the tube has two smooth shapes with helical fins, aiming to increase contact surfaces and heat exchange. The helical pitch has different values, as shown in Table 2, for the four configurations taken into account. The mesh is, therefore, modified accordingly, as represented in Figure 3 and Figure 4. Mesh adjustment is required in order to obtain a good compromise between the time of computation and a satisfactory precision.



In order to study the effect of the fins, four cases examined using the new configuration having the greatest helical pitch length (400 mm), while also changing the number of fins as illustrated in Figure 4. The purpose of this study is to define the best geometric configuration with less complexity and a high heat transfer rate.




3. Mathematical Model


3.1. Conservation Equations


Continuity [23]:


    ∂    u i   ¯    ∂  x i    = 0  



(1)







Momentum [23]:


  ρ    u j   ¯    ∂    u i   ¯    ∂  x i    =     ∂ p  ¯    ∂  x i    +  ∂  ∂  x i     [  μ   ∂    u i   ¯    ∂  x i    − ρ    u i     u j   ¯   ¯   ]  + ρ  g i   



(2)







Energy [23]:


  ρ    u j   ¯    ∂  T ¯    ∂  x i    =  1   c p     ∂  ∂  x i     [  k   ∂  T ¯    ∂  x i    − ρ  c p    T    u j   ¯   ¯   ]   



(3)




where: ui—instant velocity fluctuation on x direction (m/s), x—system coordinate;  ρ —density (kg/m3), p—pressure (Pa),  μ —viscosity (kg/m · s), g—gravity (m/s2), T—mean temperature (K), cp—specific heat (J/kg · K).




3.2. Turbulence


Turbulent kinetic energy (kt) [23]:


  ρ    u j   ¯    ∂    k t   ¯    ∂  x t    =  ∂  ∂  x j     [   (  μ +    μ t     σ  k t      )    ∂    k t   ¯    ∂  x j     ]  +  P  k t   +  G  k t   + ρ  ε t   



(4)







Dissipation of the turbulent kinetic energy (εt) [23]:


  ρ  u j    ∂  ε t    ∂  x j    =  ∂  ∂  x j     [   (  μ +    μ t     σ  ε t      )    ∂    ε t   ¯    ∂  x j     ]  +  c  1  ε t       ε t   k   [   P  k t   +  c  3  ε t     G  k t    ]  −  c  2  ε t    ρ    ε t 2     k t     



(5)







ui—instant velocity fluctuation in x direction (m/s); x—system coordinate; rho—density (kg/m3); p—pressure (Pa);  μ —viscosity (kg/m · s); g—gravity (m/s2); T—mean temperature (K); cp—specific heat (J/kg · K);    σ  ε t    ,    σ  k t    —turbulent Prandtl number;    c  3  ε t     ,    c  2  ε t     —coefficients constants; Gkt—Generation of turbulent kinetic energy due to the buoyancy force.




3.3. Boundary Conditions



    Q →  = h  (  T −  T  a m b    )   n →    



(6)







   Smooth   tube :                   Q = h . s .  (  T −  T  a m b    )    



(7)









   Tube   with   fins :       Q = h . p . d x .  (  T −  T  a m b    )    



(8)







  Q →  —Heat flux;   T −  T  a m b    —the fluid temperature difference; S—total surface area of the smooth tube; h—the coefficient of convective transfer (W.m−2.K−1); p—perimeter of the fin (exchange perimeter of the convective flux).




3.4. CFD Modeling


The independence of the mesh was obtained with the profiles of mean values of the liquid temperature (T). The results obtained at the exit of the tube is made for the boxes where it meshed by tetrahedral element for the flowing number of elements (225,122, 365,146, 514,454, 716,218, 832,256, 972,446, 1,021,456, and 1,242,122), where different meshes produce the same behavior. In addition, the average percentage difference was determined for the temperature (T) between the coarsest mesh (972,446 elements) and the finest mesh (1242,122 elements), the initial coarse mesh of 972,446 elements and the solution converged to residue 1.10−6. Initializing our stationary adaptation gateway with a coarse mesh allows fast calculations with low complexity.





4. Results and Discussions


The results obtained are validated against the ones presented in the study by Garbrecht et al. [4] (as detailed in below), who proposed a new design of a receiver of a molten salt solar tower. The new receiver consists of numerous hexagonal pyramid elements arranged with their vertices pointing towards the heliostats. The thermal efficiency of this new receiver is evaluated through CFD simulations and exceeds the values determined for existing concepts reported in the literature.



In order to compare the performances of a smooth tube and a finned tube of a solar tower receiver, in the following are presented the results concerning the influence of the fin and the influence of the pitch of the fin on the flow temperature and velocity at the receiver. The influence of the number of fins in each tube was also investigated in this research.



To quantify the heat transfer associated with the fin, the temperature distribution along the fin from an energy balance point of view must be evaluated first. To establish this balance, the following simplifying assumptions are considered [24]:




	
The flow is permanent and there is no internal heat dissipation.



	
The thermal conductivity of the fin, k, is constant.



	
The convective exchange coefficient, h, is uniform over the entire surface of the fin.








4.1. Influence of the Fin Pitch on the Temperature Evolution


The fins are used to increase the heat flux transferred from the solid (tube walls) to the fluid. However, the fin itself owns a thermal resistance and adds it to the thermal circuit. From Figure 5 and Figure 6, it can be noted that the maximum temperature in the case where the tube is smooth reaches 629 K, while in the case of finned tubes, the temperature reaches very high values, even exceeding 1000 K. Therefore, a temperature difference of about 370 K emerges between the two types of tubes for a heat flow of 0.4 MW/m2. Indeed, the cylindrical tube provided with helical fin has a greater heat exchange surface than that available for a cylindrical tube having the same diameter, the same length, and the same boundary conditions, but without fin.



The influence of the fin pitch on the evolution of the temperature also studied in this research. To this aim, fins with different pitches (50, 100, 200, and 400 mm) are implemented. The results obtained show that the fin pitch has a significant influence on the heat transfer and the evolution of the temperature. As pictured in Figure 6, when the pitch is 50 mm, the maximum temperature reaches 1075 K, while for a pitch of 100 mm, the temperature is 1055 K. The maximum temperature decreases further with increasing the pitches to 200 and 400 mm, dropping to 1003 K. It is therefore highlighted that, to obtain higher temperatures, it is necessary to reduce the fin pitch. Moreover, it is evidenced that the fin presence can improve the heat transfer from the solid surface to the adjacent fluid. This is due to the fact that the fins improve the heat dissipation of a confined solid system in which the heat flux densities are high.




4.2. Influence of the Fin Pitch on the Velocity Profile


The flow velocity within the solar tower receivers plays a very important role since the fluid is the element enabling energy conversion (heat into mechanical energy). Figure 7 and Figure 8 depict the influence of the fin pitches (50, 100, 200, and 400 mm) on the coolant flow velocity.



It is remarked that, in the case of the smooth tube, the velocity varies from 0.39 to 0.54 m/s for an inlet of 0.5 m/s, so an increase of 0.04 m/s (8%) is acceptable. On the other hand, in the case of the finned tube, at the same inlet velocity of 0.5 m/s, the fin pitch directly influences the flow velocity, as shown in Figure 8. It is emphasized that, for the case of 100 and 50 mm, the velocity reaches up to 0.78 and 0.97 m/s, respectively. Simulation results show that increasing the fins pitches from 200 to 400 mm, the velocity varies within the ranges 0.12 to 0.56 m/s and 0.14 to 0.16 m/s, respectively, showing a slight decrease. Thus, a smaller fin pitch enables an increased flow velocity.



Overall, the results show that employing a helically shaped fin and decreasing the fin’s pitch allow obtaining a higher flow velocity of the fluid in the receiver. Since a very high mass flow rate is required to turn the turbine, the finned tube design remains among the optimal technological approaches.




4.3. Influence of the Number of Fins on the Evolution of the Temperature


Increasing the heat exchange surface using the fins is one of the most popular passive methods to improve heat transfer, various studies proving that not only this increase, but also the thermo-physical properties of the fin contribute to enhancing the heat transfer [25]. In this study, we carried out numerical simulations using ANSYS CFX software for four cases (smooth, two fins, three fins, and four fins), aiming to analyze the evolution of the heat flow under the effect of the increased the exchange surface.



According to Figure 9 and Figure 10, a significant change in the output temperature of the solar receiver is noticeable when increasing the number of fins. Indeed, the maximum temperature is equal to 629 K if the tube is smooth, while it increases to 973 K for the tube with two fins, and 1030 K for that of three fins getting as high as 1054 K for that of four fins. This change in temperature comes from the increase in the rate of conductive heat transfer. It is highlighted that the greater volume of fluid permeability in porous medium generates a greater heat extraction to the hot wall.




4.4. Influence of the Number of Fins on the Velocity Profile


The results in Figure 11 depict the values of the maximum and minimum velocities as a function of the fins number in the solar receiver tube for a fin pitch of 400 mm, considering the same boundary conditions used in all the cases studied. It is evident that no significant difference arises among the evolutions of the maximum fluid velocities in the four cases studied, remaining almost identical for all cases. Instead, for what concerns the evolution of the minimum velocities, quite different values (0.4, 0.15 m/s) are registered if comparing the smooth tube and the finned tubes. In addition, it is found that there is no change in the velocity among the investigated cases of finned tubes with the change of the number of fins.





5. Conclusions


Through this study, a technological solution to increase the heat exchange in the receiver of a solar tower has been defined. This solution is using finned receiver tubes instead of smooth tubes. This solution remains among the possible improvements to be done in the future for solar receivers.



To increase the heat exchange, there are two possibilities: Either the convective exchange coefficient h increased by increasing the flow velocity and decreasing fluid temperature.



In most applications, the maximum increase of h is not sufficient to evacuate the desired heat flux and the cost is often too high. The second solution is easy to implement since it consists simply of increasing the exchange surface using fins. The thermal conductivity of the material constituting the fin must be high in order to minimize the temperature gradients between the base and the end of the fin.



In this study, the results show that the receiver tube with four fins is the best design. This tube can give high temperature and high heat transfer ratio compared to other designs. However, in the whole case:




	
The fins increase the heat flux transferred from the solid to the fluid.



	
In order to obtain higher temperatures, it is necessary to minimize the fin pitch.



	
The decrease of the fin pitch increases the flow velocity.



	
A significant change in temperature was noticed at the solar receiver output by increasing the number of fins.



	
The number of fins does not affect the values of the flow velocity.








Noted that the temperature is greater than 565 °C, which makes the molten salt lose its properties. To solve this problem, we have to decrease this temperature by:




	
Increasing the flow rate to decrease the temperature and thus produce more electrical energy.



	
Reducing the heliostats field to minimize the cost of projects and gain land surface.
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Abbreviation








	Acronyms
	



	CFD
	Computational Fluid Dynamics.



	HTF
	Heat transfer fluid.



	SPT
	Solar power tower.



	SR
	Radiant heat source



	3D
	Three-dimensional.



	k-ε
	Turbulence model.



	Symbols
	



	Y
	Outlet vertical radial position (mm).



	cp
	Specific heat (J/kg · K)



	D
	diameter (m)



	G
	gravity (m/s2)



	Gkt
	generation of turbulent kinetic energy due to the buoyancy force



	H
	convective transfer coefficient



	K
	kinetic energy



	kt
	turbulent kinetic energy



	L
	length (cm)



	P
	pressure (Pa)



	Pkt
	generation of the turbulent kinetic energy



	Q
	convective heat flux



	S
	exchange surface



	   T ˙   
	fluctuation of temperature (K)



	   T ¯   
	the mean temperature (K)



	T
	temperature of fluid (K)



	      u i   ˙    
	instant of fluctuation velocity in x direction (m/s)



	u
	inlet velocity (m/s)



	  μ  
	viscosity (kg/m.s)



	x, y, z
	system coordinate



	  ρ  
	density (kg/m3)



	    σ  ε t   ,    σ  k t     
	turbulent Prandtl number



	εt
	dissipation of the turbulent kinetic energy



	ε
	dissipation of the kinetic energy



	    c  3  ε t    ,    c  2  ε t      
	dissipation of the kinetic energy
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Figure 1. Presentation of the problem (solar tower, solar receiver, and solar receiver tube). 
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Figure 2. Receiver tube dimensions: (A) smooth, (B) finned. 
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Figure 3. Solar receiver tube: (A) smooth and (B) finned. 






Figure 3. Solar receiver tube: (A) smooth and (B) finned.



[image: Sustainability 12 06957 g003]







[image: Sustainability 12 06957 g004 550] 





Figure 4. 2-D view of the smooth and finned receiver tube (2, 3, 4 fins). 
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Figure 5. Evolution of the temperature according to the pitch of the fin at the exit of the tube. 
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Figure 6. Influence of the pitch of the fin on the evolution of temperature. (A) temperature evolution; (B) max temperature evolution. 
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Figure 7. Velocity profile according to the fin pitch at the exit of the tube. 
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Figure 8. Velocity profile according to the fin pitch. (A) velocity profile. (B) max velocity profile. 
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Figure 9. Evolution of the temperature as a function of the number of fins at the outlet of the tube. 
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Figure 10. Evolution of the temperature according to the fin pitch at the exit of the tube. (A) max temperature evolution. (B) temperature evolution. 
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Figure 11. Evolution of the maximum and minimum values of velocity versus fins number. 
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Table 1. Properties of NaNO3-NaNO2-KNO3 molten salt used in this study [22].






Table 1. Properties of NaNO3-NaNO2-KNO3 molten salt used in this study [22].





	Quantity
	Value





	Mol % (Wt. %)
	7–49–44 (7–40–53)



	Formula Weight (g/mol)
	1.77–1.98



	Freezing/Melting Point (K)
	415



	Boiling Point (K)
	1843



	Density (kg/m3)
	1790



	Specific Heat Capacity (J/kg·K)
	1560



	Viscosity (kg/m·s)
	0.0013–0.0016



	Thermal Conductivity (W/m·K)
	0.51–0.605



	Prandtl No.
	4.0
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Table 2. Pitch lengths of the four studied configurations.






Table 2. Pitch lengths of the four studied configurations.





	Configuration
	Pitch Length





	Conf01
	50 mm



	Conf02
	100 mm



	Conf03
	200 mm



	Conf04
	400 mm
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