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Abstract

:

The presented paper dealt with the concept of an innovative manifold header for evacuated tube solar collectors. The proposed concept eliminates the drawbacks of conventional manifold headers, especially the serial connection of heat pipes that operate under uneven conditions. The advantage of the proposed design of the manifold header is also an increase in the heat exchange surface and the possibility of conducting the heat transfer media flow in a parallel flow arrangement, which increases the overall efficiency. The concept of the manifold header was evaluated on five variations of design with the use of the computational fluid dynamics (CFD) analysis. The results of the CFD analysis confirmed the functionality of the concept and also enabled the selection of the most suitable design elements, which were incorporated into the final design of a manifold header in the pre-prototype phase of manufacturing.
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1. Introduction


Global environmental problems are becoming increasingly acute, which brings many challenges in various areas of human activities [1,2,3,4]. One of the solutions is the use of renewable energy sources, which are becoming an important and well-established part of the global energy mix. Of all types of renewable energy sources, solar energy has the greatest available technical potential. According to several studies [5,6], the technical potential is estimated to be between 1550 and 1600 EJ/year, which is approximately three times the global primary energy consumption with 550 EJ in 2019 [7]. Solar energy can be used in two main directions—for the production of electricity using photovoltaic panels or for the production of thermal energy using solar thermal collectors. The presented article deals with the use of solar energy utilizing evacuated tube solar collectors, which represent the top tier in solar collector technology and achieve the highest operating parameters in terms of operating efficiency or output temperature of the heated medium. This also makes them more and more widespread, whether in a home or in industrial applications.



The design of evacuated tube solar collectors may vary, but in principle, it is the use of the vacuum insulated absorption tubes that are connected to the manifold header. The vacuum tubes can be made of a glass cylinder with one or two walls, the vacuum can be in the whole inner volume or only in the space between the walls, the connection of the tubes to the manifold header can be directly serial or by means of so-called U-pipes; the surface of the solar absorber may have a rectangular shape or the shape of a curved cylinder surface. The state of the art evacuated tube solar collectors are discussed in [8,9]. In the most common type of evacuated tube solar collector, the vacuum tube is made of a double-walled glass cylinder in which a solar absorber with a heat pipe is placed. Between the glass tube is a vacuum, which eliminates heat loss. A heat pipe is a relatively simple device consisting of a vaporizing section in which the heat transfer medium evaporates, a transport section in which the vaporized medium flows centrally, and a condensation section where the vaporized medium condenses and releases heat, which is removed by heat transfer medium in the manifold header for further use. The condensed heat transfer medium flows along the wall of the transport section back to the evaporation section so the whole cycle is closed and carried over. The most commonly used is the serial connection, in which the tubes are connected in series, and the basic principle of how this works is shown in Figure 1. In this type of connection of evacuated solar tubes to the manifold header, it is necessary to take into account a certain degree of thermal resistance, which is caused by the contact of the heat pipe head with the housing, and by the interface of the heat transfer medium and the housing.



A large number of authors are currently engaged in the design and modification of the operating parameters of the evacuated tube solar collectors. Chopra et al. in [10] discussed the possibility of linking evacuated tube solar collector technology with suitable phase change material, which served as heat storage material. This connection improved the operational characteristics of the solar collector, but also eliminated the identified shortcomings in the form of low thermal conductivity of PCM and overheating of the heat pipes. Mercan et al. in [11] evaluated the use of nanofluids based on Al2O3H2O and CuOH2O, which were used as a heat transfer medium in an evacuated tube solar collector. Based on computational fluid dynamics (CFD) analysis and comparison, the authors confirmed that the use of CuOH2O had a significant positive effect on heat transfer. An interesting concept of using a concentration layer in an evacuated tube was presented in [12] by Teles et al. The new contributions from their work include the reflective film, the eccentricity of the absorber, and the presence of a vacuum in the annular space. The presence of a vacuum in the eccentric annular space effectively reduces the thermal losses and improves efficiency.



Another part of the authors dealt with hydraulic optimization of the arrangement of different parts of solar systems, solar collectors, or manifold headers. In document [13], the authors dealt with the non-uniformity of the flow distribution in the flat plate solar collector register. The analysis was solved utilizing CFD simulation. The authors evaluated four geometrical arrangements and suggested a solution for improving the flow uniformity by up to 40%. In paper [14], the authors investigated the flow through a forced circulation Z-type flat plate solar collector by means of combined experimental measurements and numerical simulations. The CFD-based procedure for enhancing flow rate uniformity among the risers was proposed and successfully demonstrated.



Based on the above review, it is clear that solar thermal technology has many areas that are suitable for the implementation of innovative solutions. When considering the presented type of the evacuated tube solar collector, the biggest shortage is, according to the authors, the commonly used serial connection of heat pipes, which brings several negative phenomena. The most important one involves uneven heat removal from each heat pipe head. This is due to a gradual increase in the temperature of the heat transfer medium in the direction of flow. The gradually heated heat transfer medium does not allow the same amount of heat to be drawn from each heat pipe head. This is caused by a gradual decrease in the temperature difference between the heat transfer medium and the heat pipe head. This phenomenon not only reduces the efficiency of the solar collector, but also worsens the lifecycle of heat pipes that do not operate at the same conditions during operation. A second significant drawback is the insufficient heat exchange surface between the heat pipe head and the heat transfer media, when, as is shown in Figure 1, the heat transfer medium only washes a portion of the heat pipe head.



All the above-mentioned shortcomings are solved by the proposed design of the manifold header of the evacuated tube solar collector. The proposed concept allows for the parallel connection of heat pipes in the manifold header and increases the heat exchange area. This paper deals with the five designs of manifold header and their mutual comparison in terms of hydraulic optimization using CFD analysis. The main task of CFD analysis and comparison was to eliminate the uneven division of flow in the manifold header as well as to suppress the formation of turbulent regions in the heat transfer medium.




2. Materials and Methods


The CFD analysis was conducted on five proposed designs and one commercially available design of the manifold header. Each of the evaluated manifold headers was created in CAD software as a 3D model of the inner fluid domain and heat pipe head housing, which was later imported in the Ansys Fluent where a CFD simulation was performed. From ParasolidXT geometry an unstructured tetrahedral mesh grid was created, with the number of cells ranging from 1,176,274 to 1,610,018 (depending on the manifold header variant). The fine mesh size function was used in the area where greater details were desired, such as a heat exchange chamber and coarse mesh function in areas of small changes in the domain. The boundary layer in the heat exchange chamber was modeled using an inflation function with growth rates of 1.2 and 5 layers. The maximum value of the skewness parameter was 0.624 with an average value of 0.227. An example of the mesh grid that was used can be seen in Figure 2.



The boundary conditions of the numerical simulation, such as mass flow rate and heat output, were determined concerning the basic parts and operating conditions of the commercially available evacuated tube solar collectors. All proposed designs of the manifold headers were developed for the double-walled glass evacuated tube that operates with a heat transfer medium mass flow rate of 13 kg/h/tube. Proposed designs consider the use of four evacuated solar tubes; therefore, all CFD simulations were conducted with a mass flow rate of 52 kg/h. The heat output that simulates the presence of a heat pipe head was applied to the inner surface of each heat exchange chamber, i.e., the inner wall of the annulus space. The value of the heat output was calculated corresponding to the intensity of the solar radiation of the 1000 W/m2 incident on the absorption area of the one evacuated solar tube with a value of 0.175 m2. After simplifying heat losses of the evacuated tube and local resistances in the manifold header, which have only a minor effect, the heat output of 175 W was applied to each area of the curved surface of a cylinder with a diameter of 14 mm and height of 70 mm (see Figure 2 and Figure 3). The heat loss from the surface of the manifold header body was simulated with heat convection of 5 W/(m2·K). Contact resistance was simulated with copper interface settings and a wall thickness of 1 mm. Boundary conditions are summarized in Figure 3.



The calculation model was chosen based on the Reynolds number at the inlet location, the distribution, respectively collection channel, and in the heat exchange chamber. Based on the results, the viscosity model was set to k-epsilon RNG with a standard wall function. The pressure-velocity coupling was calculated with the use of the SIMPLE algorithm scheme. The solution converged at approximately 4500 to 5500 iterations (depending on the particular analyzed concept of the manifold header). The mathematical apparatus used by Ansys Fluent computational software is described in corresponding documentation [15].



The results of the CFD analysis were in the form of the temperature differences of the heat transfer medium at the inlet and outlet, pressure loss determination, and in the form of mapping of the temperature and the velocity of the heat transfer medium using contour plots. In 3D environment, turbulent kinetic energy was also visualized.



The comparison intentionally does not include a numerical CFD analysis of the efficiency curve of the solar collector according to EN 12975-2. In the case of using CFD tools, this evaluation represents a demanding task in terms of computational time or hardware power and would not be a beneficial contribution to the decision on the hydraulic optimization of the proposed manifold headers at this stage of the research of the proposed innovation.



The manifold headers were, thus, evaluated from the point of view of the efficiency of heat removal from the heat pipe head according to Equation (1).


η = (ṁ·c·∆T)/(Pout),



(1)




where η is an efficiency of heat removal, ṁ is the mass flow rate of the heat transfer medium in kg/s, ∆T is temperature difference between the inlet and outlet temperature of the heat transfer medium in °C, c is the specific heat capacity of heat transfer medium in J/(kg·K), and Pout is heat output representing the presence of heat pipe heads; in the presented case, the heat output was 700 W.




3. Results


As was mentioned above, the manifold header proposed by the authors allows the parallel connection of each heat pipe head in terms of conduction of the heat transfer medium flow, and it increases the heat exchange surface. In the present paper, five variants of the proposed manifold header and one commercially available manifold header, which served as a comparison (hereinafter referred as Case 0), are evaluated. A partial section view of a commercial manifold header is shown in Figure 4. This manifold header is composed of a copper tube with a length of 450 mm and an internal diameter of 26 mm, in which there are four through-going holes with a diameter of 16 mm. The heat pipe heads housings are made of 70 mm long tubes with an inner diameter of 14 mm.



The shape and naming of the basic proposed design (hereinafter referred to as Case 1) are shown in Figure 5, where a view of the entire manifold header in isometric view, its longitudinal-section view, and its cross-sectional view can be seen. The essential element of the manifold header is a heat exchange chamber, formed by the annular space defined by the inside of the heat pipe head housing and the outside of the chamber housing.



The dimensions are adapted to the real evacuated solar tube; the inner diameter of the annulus is 14 mm. The outer diameter of the heat exchange chamber is 20 mm, i.e., the thickness of the heat exchange chamber is 3 mm. The height corresponds to the height of the heat pipe head and is 70 mm. In this annulus, the heat transfer medium flows and is heated by the heat dissipation from the heat pipe head. In the evaluated variations of manifold header, four chambers were considered, but in real operation, it could be up to several dozen chambers. The spacing between the chambers is 120 mm. The heat exchange chambers are, in terms of flow, interconnected by a distribution and collection channel with a width of 20 mm and a height of 5 mm. The principle of the flow of the heat transfer medium in the manifold header is relatively simple. Low-temperature medium enters the collector through an inlet pipe with a diameter of 12.7 mm, and then flows into the distribution channel, where it is gradually segmented to each heat exchange chamber and flows in the annulus space. The temperature of the heat transfer medium increases in the heat exchange chamber. Then it flows into the collection channel and later through an outlet outside the manifold header body to the next part of the solar system. The conduction of the heat transfer medium at a 90° angle relative to the axis of distribution collection channel is based on the assumption of connecting the manifold header to the existing hydraulic circuit, where the inlet and outlet are axially symmetrical, as is the case with commercially available evacuated tube solar collectors. In an effort to commercially deploy a manifold header, one of its advantages would be the need to replace only the manifold header. The proposed manifold header would, therefore, be connected to existing hydraulic systems that have the inlet and outlet situated coaxially, which positively affects the entire exchange.



The evaluation of the concept was performed based on the mapping of selected parameters by CFD analysis. The result of this analysis was, among other things, the monitoring of the overall temperature increase of the heat transfer medium ∆T and the pressure drop in the manifold header ∆p. For a better representation of the flow and its basic parameters, maps of the flow velocity and distribution of turbulent kinetic energy throughout the manifold header, as well as a temperature map for each variant of the proposed design, were created. The manifold headers were also evaluated based on heat removal efficiency according to Equation (1).



The results of the CFD analysis of the basic design and commercially available manifold headers are depicted in Figure 6. The presented contour maps of the flow velocity and the temperature of the heat transfer medium confirmed the expectations regarding the improvement of the proposed manifold header compared to a conventional manifold header but also showed the areas with higher turbulent kinetic energy located behind the inlet, the inhomogeneous flow of the heat transfer medium in the heat exchange chambers, and the gradual heating of the heat transfer medium in the distribution channel, which causes insufficient heat removal from heat pipe heads and their uneven operation. Based on these findings, four modifications were proposed, which were designed with the intention to homogenize the flow of the heat transfer medium, improve heat dissipation, and ensure uniform operating parameters for each evacuated solar tube.



The first change of the concept and, therefore, its second variant (hereinafter referred to as Case 2) is characterized by an adjustment of the distribution and collection channel in terms of its elongation before the first and last heat exchange chamber by 90 mm (compared to the previous solution, where it was 30 mm). This extension was introduced in an attempt to laminarize the flow before entering the first heat exchange. The third variant of the manifold header (hereinafter referred to as Case 3) is characterized by a change in the length of the heat pipe head housing, which is, in this case, ended in a way that does not interfere with the distribution channel. This reduction in the heat pipe head housing has also been introduced to reduce heating of the heat transfer medium in the distribution channel. The fourth variant of the manifold header (hereinafter referred to as Case 4) works with the idea of the diagonal conduction of flow, which is derived from the hydraulic principles commonly, used in non-segmented square-shaped flow channels in which the inlet and outlet are oriented at opposite ends. This arrangement is characterized by uniform flow conduction in the diagonal direction as is described in [16]. The introduction of this principle resulted in an extension of the distribution and collection channel by 10 mm in width and their offset from the centerline to opposite sides. These adjustments were introduced to improve the uniformity of the flow of the heat transfer medium in the heat exchange chambers. In the last modification (hereinafter referred to as Case 5), the dimensions of the distribution and collection channel were recalculated based on the continuity equation, which correlates volumetric flow rates, channel cross-section area, and flow velocity. The result is a channel that widens and narrows evenly from 22.5 mm to 5 mm, respectively, in a way that the sum of the cross-sections of both channels is the same at each point. The channel height was calculated according to the continuity equation to maintain the same flow velocity as in the inlet pipe while maintaining a width of 20 mm. The main modifications of each design are shown in Figure 7.



Table 1 summarizes the basic elements of each variation of the proposed manifold header, the reasons for the modification, which were designed with regard to the identified shortcomings in the basic proposal according to results, observed in Figure 6 and the expected improvement of selected parameters in focused regions of the fluid domain.



Results of CFD Analysis of Proposed Modifications


Each of the modifications was evaluated based on the same parameters as for Case 0 and Case 1. For the sake of clarity, only those parameters and detailed views are presented and discussed, which evaluates the specific benefit of the modification. The left part of Figure 8 shows the partial view of the modification Case 2 with the elongated channel behind the inlet. From the 3D visualization of the turbulent kinetic energy, it can be seen that this modification largely eliminated the observed turbulence region as is depicted in Case 1. From this point of view, this modification can be considered successful, but when analyzing the temperature map in the right part of Figure 8, which shows the distribution channel, and the second and third heat exchange chamber, it is clear that there is the gradual heating of the heat transfer medium, which is undesirable.



The modification Case 3, in which the heat pipe head housings are shortened, was designed precisely to avoid the above-mentioned gradual heating of the heat transfer medium. Because the housings do not interfere with the distribution channel, heat transfer from the housing wall to the heat transfer fluid is prevented. Figure 9 shows a 3D visualization of the temperature of the heat transfer medium in the distribution channel, where it is possible to see a uniform temperature in the entire distribution channel, but also unequal temperatures in the individual heat exchange chambers. It is clear that the first and last heat exchange chamber contributes to the heating of heat transfer medium to a lesser extent due to the unequal division of heat transfer medium flow to each heat exchange chamber.



This inhomogeneity is solved by the designs Case 4 and Case 5, in which modifications directly affect the distribution and collection channel. Figure 10 shows a partial view of the heat exchanger without the inlet and outlet part. In the distribution and collection channel, it is possible to see the gradual separation or segmentation of the volume flow to each heat exchange chamber. This fact is evident from the gradual reduction or increase of the volumetric flow rate of the heat transfer medium. Concerning the continuity equation, this fact is evident from the gradual decrease or increase of the velocity flow rate of the heat transfer medium. However, behind each of the heat pipe heads, there is a place with a sudden decrease in the velocity flow rate, where the temperature rises (see bottom part of the Figure 10), which to some extent affects the other heat pipe heads.



In the case of an effort to homogenize the flow in the heat exchange chambers, this modification represents a relatively successful solution. Similar results were achieved by the manifold header Case 5, where the modification involves changing the longitudinal cross-section of the distribution or collection channel. From the point of view of the homogenization of the flow through the individual heat exchange chambers, this modification achieves the best results, as is evident in the flow velocity map in Figure 11. However, when looking at the distribution channel, a high degree of heating of the heat transfer medium is already evident. This is due to the increase in the interface area between the flowing medium and the heat pipe head housings already in the channel. It is a negative fact because heat should be removed only in the fluid domain of the heat exchange chamber.



The graphical results of the CFD analysis were also extended by numerical values quantifying the temperature increase, pressure drop, and efficiency of heat removal from the heat pipe head according to Equation (1). The numerical results are summarized in Table 2.



The overall CFD analysis shows that none of the variants reach satisfactory results in each monitored parameter. However, it can be said with a certain degree of confidence that the designs of Case 1 and 2 are not suitable from the view of flow homogeneity and temperature increase. Designs 3 to 5 achieve an improvement in terms of hydraulic optimization, which is particularly evident in the pressure drop, overall temperature increase in the heat transfer medium, or in the regions with decreased turbulent kinetic energy. From the point of view of the heat exchange process, the best values of the temperature difference and the heat removal efficiency are achieved by the Case 5. These good values have a negative consequence in the form of gradual heating of the heat transfer medium in the distribution channels and, thus, unequal working conditions of the individual evacuated solar tubes.



The result of the analysis shows that the best solution is to implement concepts 3, 4, and 5 into one design. The best concept seems to be a manifold header with a shortened heat exchange chamber and an elongated distribution and collection channel, which are offset and allow a better diagonal flow of the heat transfer fluid. However, the implementation of a gradual widening or narrowing of the flow channel, as described in Case 5, would also to a certain extent duplicate the effort to optimize the hydraulic conditions in the distribution collection channel. Another negative factor in the implementation of Case 5 is the increase in the internal fluid volume of the manifold header, which causes an increase in thermal inertia. This negatively affects operating parameters during a rapid change in solar radiation intensity during the intermittent cloud-covered sky. The resulting design, which suppresses the negatives and uses the positives of the presented modifications, is shown in Figure 12. The presented manifold header modifications increase the pressure loss to some extent, as is described in Table 2. This pressure loss is reflected in the increase of the pumping work and, thus, the necessary input of the circulation pump.



From the construction point of view, it is possible to manufacture the presented manifold header with relatively simple and available technologies and tools covering the entire spectrum from soldering to the use of hydroforming. In particular, the hydroforming technology appears to be a suitable tool. In one step, it would be possible to produce a channel of any cross-section with the connection of an inlet or outlet from one part. When connecting the heat pipe head housing or the outer wall of the heat exchange chamber, it is possible to consider soldering, pressing, or welding. The choice of material from which the manifold header could be made is based on commonly used materials in solar technology. The use of copper heat pipe head housing seems to be the most suitable, which will ensure a high value of heat transfer. Other parts are not problematic from the point of view of heat transfer and can be made of materials that have worse thermally-conductive properties. From a geometrical point of view, the only more serious requirement is the accuracy related to the coaxiality of the heat pipe head housing and the outer wall of the heat exchange chamber, where even the smallest deviation would mean a difference in the thickness of the heat exchange chamber. All presented manifold headers have been designed in a way that they can be easily manufactured with commonly available tools and prefabricated parts (pipes, fittings, etc.). This effort is based on the assumption of further direction of evaluation when it will be necessary to manufacture a manifold header prototype in the limited conditions of our research center in terms of instrumentation or material availability, and to conduct experiments and measurements in real operation.





4. Conclusions


The presented work dealt with the concept of an innovative manifold header for evacuated tube solar collectors. The proposed concept eliminates the drawbacks of conventional manifold headers, especially the serial connection of heat pipes that operate under uneven conditions, which deteriorates their lifecycle. The advantage of the proposed design of the manifold header is also an increase in the heat exchange surface and the possibility of conducting the heat transfer media flow in a parallel flow arrangement, which increases the overall efficiency of the device. In the presented work, CFD analysis of five variants of the manifold header was performed using Ansys Fluent software. Each of the five variants represented an evolution in terms of hydraulic optimization, considering the efficient heat removal from heat pipe heads and the existence of turbulent regions in fluid domain. CFD analysis verified the functionality of the concept and eliminated less suitable design variants. The results of the analysis were implemented in the design of an ideal manifold header that uses suitable design elements. The final design of the manifold header can be used as the basis for a prototype, which would be a suitable candidate for future physical experiments and measurements in real operating conditions.
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Figure 1. Operating principles and essential parts of a conventional evacuated tube solar collector: 1—manifold header, 2—heat pipe head, 3—heat pipe, and 4—vacuum glass tube. 
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Figure 2. Partial view of the mesh for the basic shape of the proposed manifold header and partial depiction of the boundary conditions. 
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Figure 3. Boundary conditions of the computational fluid dynamics (CFD simulation with a depicted representation of flow trajectories. 
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Figure 4. Partial section view of the commercially available manifold header. 
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Figure 5. The basic variant of the manifold header in isometric view (left), cross-section view (right), and longitudinal-section view (middle); 1—inlet pipe, 2—outlet pipe, 3—distribution channel, 4—collection channel, and 5 to 8—heat exchange chambers with inner heat pipe head housing pipe and outer chamber wall. 
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Figure 6. Results of CFD analysis of the basic concept of the proposed manifold header (top—temperature contour map, middle—flow velocity contour map, bottom—3D visualization of turbulence kinetic energy). 
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Figure 7. Four basic designs with highlighted major changes from the basic concept. 
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Figure 8. 3D visualization of turbulent kinetic energy in the region between the inlet and the first heat exchange chamber (left part of the figure), and a side view of the temperature field where the gradual heating of the heat transfer medium behind the second and third heat exchange chamber is visible (right part of the figure). 
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Figure 9. 3D visualization of the temperature field for the modification Case 3 where a uniform temperature is visible along the entire length of the distribution channel. 
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Figure 10. Partial display of velocity flow rates (top) and temperature map in the distribution channel near the second and third heat pipe heads (bottom). 
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Figure 11. Depiction of the velocity flow rates (top) and temperature map in the distribution channel (bottom). 
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Figure 12. Partial view of the 3D model with final design changes applied to the future manifold header prototype. 
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Table 1. The summary of the main feature of each modification and the expected results of their implementation.
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	The Main Feature of Modification
	Reason for Modification
	Expected Results





	Case 2
	Elongation of the distribution and collection channel
	The influence of turbulence from the inlet part on the first heat exchange chamber
	Laminarization of the flow behind the inlet part and homogenization of the flow before the first heat exchange chamber



	Case 3
	Height reduction of the heat pipe head housing
	Existence of gradual heating of the heat transfer medium in the distribution channel
	Ensuring the same temperature of the heat transfer medium before entering each heat exchange chamber



	Case 4
	Extension of the distribution and collection channel and their offset from the centerline to opposite sides
	Inhomogeneity of flow in each heat exchange chamber
	Ensuring equal flows in each heat exchange chamber



	Case 5
	The gradual change of the height of the distribution and collection channel
	Inhomogeneity of flow in each heat exchange chamber
	Ensuring equal flows in each heat exchange chamber
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Table 2. Temperature increase, pressure drop, and heat removal efficiency for evaluated designs of the proposed manifold header concept.
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	Tinlet (°C)
	Toulet (°C)
	∆T (°C)
	∆p (Pa)
	η (-)





	Case 0
	300
	304.1
	4.1
	82.0
	0.33



	Case 1
	300
	305.4
	5.4
	138.4
	0.45



	Case 2
	300
	309.9
	9.9
	217.3
	0.81



	Case 3
	300
	308.1
	8.1
	161.6
	0.66



	Case 4
	300
	309.7
	9.7
	87.6
	0.79



	Case 5
	300
	310.4
	10.4
	63.2
	0.85
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