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Abstract

:

The present research aims to discuss and analyze the performance of truncated single-layer and stacked mini-channel-based heat sinks employed for the cooling of a single-cell high concentrating photovoltaic systems. The truncating technique of the fins at the entrance and exit regions from the internal fluid mini channels is opted to reduce the energy, raw material costs and time of the manufacturing process of the mini channels. This proposed solution is constrained by several metrics such as the thermal management and the overall performance of the high concentrating photovoltaic system. In the current research, the use of a truncating ratio of 31% has yielded minimum cell temperature and maximum electrical efficiencies for both single-layer and stacked mini-channel-based heat sinks, while a truncating ratio of 65% has enabled more uniform cell temperature distribution. Moreover, a truncating ratio of 65% has qualified the highest water outlet temperature and the lowest pressure drops relatively compared to the conventional mini-channel-based heat sink configurations. The highest water temperature has reached up to 52.7     ∘  C   by the stacked mini-channel-based heat sink with a truncating ratio of 65% under a geometrical concentration ratio of 2000× and a mass flow rate of   0.001     k g    s −1. For both the single-layer and stacked mini-channel-based heat sinks, the use of a truncating ratio of 65% has driven the upper hands to achieve higher ratio of the thermal power to the pumping power (RTP). The maximum RTP values have been recorded by the single-layer mini-channel-based heat sink with a truncating ratio of 65% equal to 23.61 ×  10 6   and 233.06 ×  10 3   at a mass flow rate of   0.008     k g    s −1 and   0.001     k g    s −1, respectively, under 2000×.
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1. Introduction


Concentration photovoltaic (CPV) systems are expected to contribute a significant fraction of the renewable energy production in Saudi Arabia. This is due to the high Direct Normal Irradiance (DNI) in the Kingdom. In addition to that, CPV technology is well suited for the local manufacturing of a large percentage of the system’s components to achieve the final products. Saudi Arabia aims to be a leading center for renewable energy within the next ten years, with a planned installed capacity of more than   58.7    G  W  (in which   2.7    G  W  will be produced by CPV technologies). It is a promising opportunity to meet the growing demand for energy resources and exploiting the favorable climatic conditions and appropriate economic feasibility [1,2].



Overheating the solar cells of the CPV systems can dramatically drop the overall CPV performance [3], especially in Saudi Arabia because during the hot season the ambient temperature goes over 50     ∘  C   [4]. Hence, a sophisticated cooling technique must be carefully designed and adopted for CPV systems especially operating at high and ultra-high concentration levels (CR ≥ 100×) to ensure effective thermal management and optimum electrical efficiency. The concentration photovoltaic thermal (CPVT) systems can be used for various applications from generating electricity to fuels such as hydrogen [5,6].



Recently, several passive and active cooling setup and test rings have been employed to thermally manage the operation of the single-cell and densely packed High Concentration Photovoltaic (HCPV) modules. The cooling system can be selected according to the level of the concentration ratio (CR). There are two major cooling techniques of the CPV systems; the first one is the passive cooling, using heat sink, heat pipe, free air and phase change materials, while the active cooling uses flowing fluids (such as water or air) through channels, jet impingement, and mini channel and microchannel cooling methods [7,8,9]. It is worthiest to apply the passive cooling mechanism to dissipate heat and cool the solar cells under a CR less than 10×, as, depending usually on the weather conditions [10,11,12], increasing the convective heat transfer area can easily increase the dissipated heat rate and the solar cell efficiency. On the other hand, for High Concentration Ratios (100×≤ CR ≤ 1000×) or Ultra-High Concentration Ratios (CR ≥ 1000×), using the active cooling techniques is more efficient to maintain CPV system temperature approximately constant over a long period under a wide range of Concentration Ratios (CR)s. Active cooling has better performance especially under harsh environmental conditions like that of Saudi Arabia [4,13,14].



The temperature limits of HCPV systems with mini channel cooling mechanism for Multi-Junction Solar Cell (MJSC) with a cell-active surface area of 10 × 10  m  m 2 were investigated [13]. The applied CR was ranging between 500× to 2000× with three different cooling fluids. The solar cell temperature reached   93.5       ∘  C  , which means well below the maximum operating temperature of 110     ∘  C   at a mass flow rate of 6.74 ×   10  − 4      k g   s  −1. It was also demonstrated through this work that using water as a coolant fluid is the best choice for which the temperature distribution and the thermal efficiency were higher compared to other tested fluids.



The impact of the coolant properties on the electrical and thermal performance of different HCPV systems using the same MCBHS design and materials was studied [14]. Under the same heat sink dimensions and test conditions, the results demonstrated that the use of Nanofluids as coolant led to a maximum cell temperature of   95.25       ∘  C   and   67.1       ∘  C  , respectively, while the temperature difference over the solar cell was 35     ∘  C   under a CR of 2000× and at Reynolds number of 8.25 and 82.5. It has shown that the effectiveness of using Nanofluids has a very significant impact on HCPV thermal management.



The MCBHSs have many advantages over the other cooling techniques, and their thermal and hydraulic efficiencies have been studied through several recent research works [15,16,17,18]. A hybrid jet impingement was investigated experimentally to study the cooling effectiveness of the microchannel cooling under heat fluxes ranged between   21.8    W   c  m −2 and 32  W   c  m −2 [19]. A high concentration triple-junction solar cell was numerically investigated to compare two microchannel-based heat sink designs as cooling techniques [20]. The applied CR was 1000× and the configurations were examined using ANSYS Fluent software. Using a new convergent–divergent microchannel-based heat sink has a high heat transfer dissipation rate and cooling effectiveness compared to the conventional microchannel-based heat sink when the CR was ranged between 100× and 800× [21]. Passive and active cooling mechanism have been used to study different plate-fin channels and the flow inside them (copper–water nanofluid). The performance of the cooling methods have been experimentally investigated [22].



A high concentration triple-junction solar cell was numerically investigated and the thermal modeling was conducted using ANSYS Fluent to study the effect of two different active cooling mechanisms under 1000× [23,24]. Four differently shaped microchannel-based heat sinks were used for heat transfer optimization of a high single-solar cell CPV module [25]. The design was tested numerically without the introduction of the jet impingement cooling technique. A CPV system that consists of four solar cells connected thermally at the top to a copper tube is investigated [26]. The system was tested with two different tubes having the same outer diameter. Ultra-High Concentration Photovoltaic (UHCPV) systems are highly recommended to reduce the semiconductor materials and to maximize the output power at high electrical conversion efficiencies.The performance of the UHCPV systems is limited by the extreme unwanted high cell temperature that could be achieved at high solar projected power on the solar cells. Indeed, there are many techniques to decrease the thermal resistance toward higher cooling effectiveness and capacity to extract the maximum of the heat from the solar cell domains. An appropriate heat sink design using multiple channel configurations with various fin heights and thicknesses has been studied and optimized to reduce the UHCPV surface cell temperature [27] via Ansys Fluent software under a CR of 1800×. The active UHCPV cell area is 100  m  m  2.



Using internal fluid mini-channel-based heat sink is one of the most practical and convenient solutions to reduce the thermal resistance of the HCPV and UHCPV systems and record optimum overall efficiencies; however, the increase in the power consumption of the micro-pump driving the coolant flow reduces the net output power and cost-effectiveness of the system, besides the high required energy and manufacturing costs of the single-layer or stacked mini channels. In effect, conventional manufacturing techniques such as forging, mold casting, die casting or plastic injecting cannot manufacture such small and complicated shaped MCBHS. A mini channel can be manufactured by two commercially available sophisticated techniques: subtracting and additive manufacturing processes. The subtracting processes, using for example the five-axis Computerized Numerical Control (CNC) machine (for turning, drilling, milling and grinding) may experience major difficulties in manufacturing products with internal fluid channels and this result usually in scarifying some functional performance or add extra unnecessary weight to meet manufacturing feasibility because especially the internal mini or micro channels are highly complicated due to their very small sizes. The additive manufacturing technology, termed also the 3D-metal printing process, has shown higher performance thanks to its production process automation and high degree of design freedom; however, to date no state-of-the-art of the 3D-metal printing manufactured products with internal fluid channels is present. Moreover, this technique consumes much time and materials. Thus, any modifications in the design that lead to reducing the complexity or the required material will save enormous time and cost during the fabrication of the mini channels.



In the present paper, without taking into account the optimal dimensions of the fins (thickness and length) and their wise spacing, the performance of the single-layer and stacked (four-layers) mini-channel-based heat sinks (MCBHS) with two truncating ratios at the entrance and the exit regions from the mini channel are investigated and discussed. In the present study, two appropriate truncating ratios of 65% and 31% have been considered. The influence of removing (or truncating) an appropriate fraction or ratios from the fins at the entrance and exit of the finned mini channels is targeted toward lower weight of the MCBHS (which is very valuable for the tracking energy cost), reduced energy cost and required raw materials for the manufacturing process of the MCBHS, and higher net output power of the HCPV modules. This aim may be constrained by the thermal management and overall performance of such cooling technology. Therefore, the main objective of the present work is to comprehensively study the influence, if there is, of truncating the non-effective fins-ratio at the entrance and exit of the single and stacked mini channels on the functionalities of the MCBHS and the overall HCPV performance.




2. Design and Methodology


2.1. Conceptual Design


In the present study, the influence of the truncating ratio of the heat sink area is numerically investigated to end up with an enhanced cooling mechanism of the HCPV modules relatively compared to the existing designs. The effects of removing an appropriate ratio (truncating ratio) from the fins at the entrance and exit regions of the single-layer and stacked MHSC (with four layers), that have never been studied, will be assessed and discussed based on different performance metrics. In the present study, all the investigated configurations have parallel directions. The effect of the number of the mini channel layers and the flow direction are not studied in the present work, however they have also particular interest for the avenue and the further development of the present research. Moreover, the four-layered mini channel is the stacked mini channel arrangement that has been considered in the current research.



The three-dimensional layouts of the conventional single-layer and stacked MCBHS are shown in Figure 1 and Figure 2, respectively. For each heat sink layer, the length, width and height is 29, 27 and 6 mm, respectively, and the total number of fins and water channels is 26 and 27, respectively. These dimensions have been selected for the sake of comparison against the results obtained by Ahmed et al. [13]. Therefore, an identical geometry of the single-layer MCBHS was adopted to ensure fair and accurate numerical validation. For the baseline configuration, each heat sink substrate has a size of 783% relatively compared to the size of the cell, while the flow channels area is extended by 67.5% in the direction of the flow and 94.5% in the direction perpendicular to the flow. For the conventional stacked MCBHS, the flow channels area is extended by 43.75% in the direction of the flow and 114.75% in the direction perpendicular to the flow, relatively compared to the size of the solar cell.



Figure 3 depicts the first two proposed configurations: single-layer and stacked MCBHS design with a truncating ratio of 65%. In effect, in these two configurations, 65% of the fins are removed, while keeping those just under the solar cell (35%). Figure 4 represents the third and fourth studied configurations: single-layer and four-layers MCBHS designs with a truncating ratio of 31%; only the fins at the inlet and exit regions are removed.




2.2. Simulation Setup


The simulations were conducted on a CPU with 8.00 GHz and 16.0 GB of RAM capacity. For the numerical simulation, COMSOL Multiphysics® Version 5.6 is used to resolve the conjugate laminar flow–heat transfer model. First, grid independence analysis was performed to select the accurate grid size ensuring stable and convergent numerical solutions. Then, the validation of the numerical model were accomplished.




2.3. Governing Equations, Boundary Conditions, and Assumptions


2.3.1. Governing Equations


The flow inside the channel is modeled using Navier–Stokes equations. The governing equations describing the fluid domain can be written as the following [28,29]:



The continuity equation is written as follows:


  ∇  ·  ( ρ  v →  ) = 0  



(1)







The momentum conservation equation is:


  ∇  ·   ( ρ  v →   v →  )  = − ∇ p + ∇  ·   (   τ ¯  ¯  )  + ρ  g →   



(2)




where   ρ  g →    is the gravitational body force.



The viscous stress tensor can be described by:


    τ ¯  ¯  = μ  ∇  v →  +   ( ∇  v →  )  T   −  2 3  μ  ( ∇  ·   v →  )  I  



(3)







The energy equation can be written as:


  ∇  ·   ( ρ  v →  E )  = − ∇  ( k  ·  ∇ T )  + ∇  ·   (  v →   ·    τ ¯  ¯  )   



(4)








2.3.2. Overall Single-Cell HCPV Module Efficiency


The energy transfer through the UHCPV system is illustrated in Figure 5. The UHCPV module consists of MJSCl (1) cell Germanium (Ge), (2) Indium Gallium Phosphide (GalnP), (3) Indium Gallium Arsenide (GalnAs), Copper layers, Ceramic layer and the MCBHS. The total input power from the incident solar irradiance can be calculated as follows [30]:


   Q in  = D N I  ·  C R  ·   η opt   ·   A cell   



(5)




where   A cell   is the active cell surface area.



Part of the input power is then converted to electrical power,   P  sc , elec   , while the rest is converted into a thermal power, Q.


   P  sc , elec   =  Q in   ·   η sc   



(6)






  Q =  Q in   ·   1 −  η sc    



(7)







The heat power of the cooling,   Q th  , is the amount of heat that is transferred per unit of time to the coolant and can be expressed as follows:


   Q th  =  m ˙   ·   C p   ·    T  f , out   −  T  f , in     



(8)




where,   m ˙   is the mass flow rate (  k g s  −1) and   C p   is the specific heat capacity (  J k g  −1  K  −1) of the fluid. The thermal efficiency,   η th  , is expressed as the following:


   η th  =   Q th   Q in   × 100  



(9)







The overall HCPV system efficiency can be described as follows:


   η overall  =    Q th  +  P  elec , net     Q in   × 100  



(10)







The pumping power can then be formulated as:


   P pump  =  V ˙   ·  Δ P  



(11)




where   Δ P   is the pressure drop inside the channel ( Pa ) and   V ˙   is the volume flow rate of the fluid (   m 3  s  −1).




2.3.3. Boundary Conditions and Assumptions


To solve the above-mentioned equations (continuity, momentum and energy equations), the following boundary conditions and assumptions are applied (Figure 6):




	1.

	
The boundary heat source is applied to the germanium layer.




	2.

	
The top surfaces, i.e., copper layer, ceramic layer and cell top surface, are subjected to the natural convection with a constant heat transfer coefficient of (h = 15  W   m −2  K −1) and surface to ambient heat transfer radiation.




	3.

	
Thermo-physical properties of the water have temperature-dependent values.




	4.

	
The sided walls and the back plate of the MCBHS are insulated to minimize the heat losses to the surroundings.




	5.

	
The ambient and inlet water temperatures were assumed equal to 25     ∘  C  .




	6.

	
The range of inlet water mass flow rate in each channel is set to be between   0.001     k g    s −1 and   0.008     k g    s −1.




	7.

	
The water flow is assumed laminar, steady and incompressible.




	8.

	
The active cell surface area is 10 × 10  m  m 2.




	9.

	
Reynolds number range is 7–508.




	10.

	
CR is ranged between (500×–2000×).









The dimensions and thermal properties of the solar cell and heat sink are recapitulated in Table 1 and Table 2.




2.3.4. Mesh Independence Study


The simulations were conducted on a CPU with a 8.00 GHz and 16.0 GB of RAM capacity. The simulation was performed using COMSOL Multiphysics Version 5.6.A grid independence study was performed to ensure the accuracy of the model outcomes. For each configuration, a test grid independence study was applied to select the mesh that comprises the minimum number of elements ensuring stable and convergent solutions. Figure 7A shows the maximum solar cell temperature variation of the HCPV module that integrates the conventional mini-channel-based heat design against the mesh element size, which is varied from 0.177 ×   10 6   to 14 ×   10 6   tetrahedral elements. As shown in Figure 7A, the maximum cell temperature becomes constant for a mesh of size higher than 3.2 million elements. To reduce the model computational time, the mesh of 3.2 million tetrahedral elements is selected and applied to the UHCPV domains, as generated, and depicted in Figure 7B.




2.3.5. Validation Study


The obtained numerical results were compared to those of Ahmed et al. [13] to validate the accuracy of the developed model. Figure 8 shows the trending of the maximum cell temperature at different mass flow rates assuming identical HCPV module dimensions, thermophysical properties and boundary conditions. The present model has fitted closely the baseline results of Ahmed et al. [13], where the maximum mean relative error between the recorded maximum cell temperature was about 1.6%.






3. Results and Discussion


In this section, the influence of the truncating ratio and the mass flow rate at a wide range of geometrical concentration ratios on the maximum cell temperature, temperature uniformity, electrical efficiency, pressure drop and the ratio of the thermal power to the pumping power of each configuration from each design have been analyzed and discussed.



3.1. Maximum Solar Cell Surface Temperature and Temperature Uniformity


Figure 9 depicts the profile of the maximum surface MJSC temperature at different mass flow rates, ranging between   0.001     k g    s −1 and   0.008     k g    s −1 under CRs varied between 500× and 2000×. It was found that, for both the single-layer and stacked MCBHS, the minimum surface MJSC temperature was achieved using a truncating ratio of 31%. The bottom boundaries of the heat sink on the removed sides are insulated, which explains the colder water temperature reaching the solar cell surface area being located at the center of the heat sink surface area. Consequently, a higher temperature gradient between the solar cell and the water flux is achieved, ensuring a better heat extraction rate and lower solar cell temperature. Therefore, removing 31% from the fins at the entrance and exit of the mini channel has yielded the lowest cell temperature, and a gain of 31% of the required materials and manufacturing cost.



A truncating ratio of 65% was seen not effective for reducing the maximum cell temperature compared to the conventional configurations and the MCBHS with a truncating ratio of 31%. When removing a fins ratio of 65%, higher cell temperatures were observed since the increment in the bulk and conduction thermal resistances at the entrance and exit regions had overcome the extra-convective heat transfer rate resulted in colder water flow flowing below the solar surface area. The cell temperature reached SI 85.8     ∘  C  ,   89.4       ∘  C  , and   85.7       ∘  C   under CR of 2000× and mass flow rate of   0.001     k g    s −1 for the conventional four-layered MCBHS, stacked MCBHS with a truncating ratio of 65% and stacked MCBHS with a truncating ratio of 31%, respectively.



On the other hand, it was clear that the increase of the mass flow rate reduces the maximum surface MJSC temperature, allowing more heat being extracted from the solar cell domain. For instance, at a water mass flow rate of   0.008     k g    s −1, the maximum cell temperature has been significantly reduced to   34.8       ∘  C   for the fourth configuration at a CR of 500×.



Figure 10 displays the temperature difference over the solar cell (difference between the maximum and minimum cell temperature) at various mass flow rates under 2000×. It is clear that for both single-layer and stacked MCBHS, a truncating ratio of 65% is more effective to ensure more surface temperature uniformity. The second configuration (stacked MCBHS with a truncating ratio of 65%) has the most uniform temperature distribution followed by the first, fourth, and third configuration. The conventional single-layer MCBHS design corresponded to the worst scenario with a cell temperature increase of   6.2       ∘  C   and   2.6       ∘  C   at a mass flow rate of   0.001     k g    s −1 and   0.007     k g    s −1, respectively, relatively compared to the stacked MCBHS with a truncating ratio of 65%. The temperature difference over the cell for the latter design was ranged between   25.8       ∘  C   and   21.7       ∘  C  , at flow rates ranging from   0.001     k g    s −1 to   0.007     k g    s −1, respectively.




3.2. Water Outlet Temperature


Figure 11 represents the variation of the water outlet temperature for several mass flow rates, ranging between   0.001     k g    s −1 and   0.008     k g    s −1 and under CR varying from 500× to 2000×. It was perceived that despite of the difference in the overall thermal resistance of the investigated configurations, the outlet temperature in each channel was the same. The results showed that no one among the six studied MCBHS configurations has the upper hands to achieve higher temperature over the other ones, and then further thermal energy utilization at the downstream of the HCPV module. This closed water outlet temperature ranges is explained by the fact that, since the heat capacity of water is high, the distinct recorded thermal resistance by the different studied configurations can lead only to insignificant increase in their temperature. However, the range of the outlet water temperature for the smallest water flow rates can be useful for a wide range of applications, such as membrane desalination, water heating and air conditioning. To be specific, the outlet temperature is within the recommended hot feed-in water temperature range of 50     ∘  C   to 70     ∘  C   for air–gap membrane desalination [31,32]. Most home and commercial activities, such as bathing, washing and cleaning, require hot water temperatures ranging from 50     ∘  C   to 60     ∘  C   [33]. In addition, hot water with a temperature higher than 50     ∘  C   can be used as a heat source for adsorption cooling systems [34]. Moreover, it is observed that increasing the mass flow rate decreases the outlet temperature. Indeed, the highest water outlet temperature was recorded by the stacked MCBHS with a truncating ratio of 65% for all configurations and reached up to   52.7       ∘  C   and 32     ∘  C  , under CR of 2000× and 500×, respectively, at a mass flow rate of   0.001     k g    s −1.




3.3. Electrical Efficiency


Figure 12 depicts the electrical efficiency variation for all MCBHS configurations. It shows that the highest electrical efficiency was achieved by the fourth configuration (stacked MCBHS with a truncating ratio of 31%) reaching the value of 40.05% at a mass flow rate of   0.008     k g    s −1 and CR of 500×. As shown in Figure 12, the electrical efficiency decreased by increasing the CR as a large amount of the incident solar power is converted into heat. On the other hand, the electrical efficiency has a proportional relationship with the mass flow rate. For the best-case scenario (Configuration 4) the electrical efficiency decreased with a minor effect once compared to the conventional single-layer MCBHS design by a maximum of 1.24% at a mass flow rate of   0.001     k g    s −1, especially at CR of 2000×.




3.4. Pressure Drop


The pressure drop is a key design parameter that must be carefully considered in active cooling systems and more specifically for MCBHSs. In effect, increasing the mass flow rate leads to a dramatic increase in pressure drop which requires high pumping power and causes a drop in the net output power and the overall exergetic efficiency of the HCPV module. Furthermore, a mini channel stack eventually requires less pumping power to remove a given heat load than a single-layered mini channel, because it provides a larger heat transfer area. Thus, an optimal design for one set of parameters does not mean that it is optimal for another set of ones. To optimize the overall functionalities of a mini-channel-based heat implies considering the cost energy of manufacturing, the required materials of fabrications and the required pumping power under a prescribed operating conditions. In the current research, the mini channel design is not constrained by a fixed pressure drop threshold; however, the optimal designed will be identified based on a designless analysis. From another perspective, the overall thermal resistance can be reduced by increasing the pumping power or employing short channels. Figure 13 shows the pressure drop at various mass flow rates under 500×. It was observed that the pressure drop in each channel is the same, irrespective of the number of layers. A truncating ratio of 65% qualifies the recording of the minimum pressure drops relatively compared to the conventional MCBHS configurations. The conventional stacked MCBHS configuration shows the highest pressure drop among all the studied configurations.



Moreover, the pressure drop increases as the mass flow rate increases, and it was maximum at   36.32    Pa  and   285.85    Pa  at a mass flow rate of   0.001     k g    s −1 and   0.007     k g    s −1, respectively. The use of a truncating ratio of 65% has yielded relatively lower pressure drops compared to the conventional MCBHS configurations. The lowest pressure drop was achieved by the first configuration to be   6.42    Pa  and   58.01    Pa  at   0.001     k g    s −1 and   0.007     k g    s −1, respectively. Moreover, the stacked MCBHS with a truncating ratio of 65% had recorded a lower pressure drop than the other four-layered MCBHS designs and even with respect to the conventional single-layer MCBHS. For instance, at a mass flow rate of   0.001     k g    s −1 and CR of 500×, the pressure drop was about   13.43    Pa  and   17.57    Pa  for the second and conventional single-layer MCBHS, respectively.




3.5. Comparative Analysis of Thermal Power to Pumping Power Ratios


It is worth taking into account the scalability of an optimal mini channel configuration; however, in this research the optimum size dimensions of the fins (pitch wise spacing, aspect ratio, width and length) have not been investigated. In fact, the overall thermal resistance can be reduced by increasing the pumping power or employing short fins aspect ratios. However, this may not be the most cost-effective solution. Furthermore, as the hydraulic diameter decreases, for a fixed pressure drop or pumping power, the convection thermal resistance decreases because Nusselt number stays constant. However, the bulk resistance increases because now the flow rate decreases. For unlimited pumping power (or pressure drop), there is no optimum channel dimensions, since the larger size is, the better the convective heat transfer would be because that will compensate for the increase in bulk thermal resistance especially at small flow rates. The proposed solution for such cases when one set of parameters does not lead for a global optimal solution, the thermal power to the pumping power ratio (dimensionless) is used to perform a designless comparison and judgments between the different configurations under the same fluid amount being flowing per unit of time in the mini channel.



Based on the first law of thermodynamics, the overall performance of the cooling system is dependent on the Ratio of the Thermal power to the Pumping power (RTP). In fact, as higher as the RTP is, as better the cooling configuration would be.



The objective of this section is to map the RTP of each studied MCBHS design at a wide range of Reynolds numbers expressed in this analysis as function of mass flow rates, and under different (CR)s. The RTP will identify the design that promises the minimum overall thermal resistance (maximum actual gained energy) and minimum pumping power at a fixed fluid flow velocity. It is worth noting that the overall thermal resistance for the MCBHS involves the conduction thermal resistance, bulk thermal resistance and convection resistance. In almost all cases of the MCBHS configurations, the conduction thermal resistance can be neglected compared to the other thermal resistances due to the high thermal conductivity and the thin thickness of the heat sink materials. From Figure 14, it was clear that the RTP has the same trend for all (CR)s. In effect, an increase in the water flow rate led to a significant decrease in the RTP.



Here, a brief discussion is presented regarding the influence of the mass flow rate on the evolved thermal resistances, which can explain the trending of the (RTP)s under each prescribed condition. In fact, at small mass flow rates, the single-layer MCBHSs have higher RTP than the stacked MCBHSs due to the highest-convective and bulk thermal resistances at low water velocities. In fact, at small fluid velocity, the flow rate in each mini channel layer decreases, which increases the bulk flow resistance, and the convective heat transfer coefficient is already reduced; therefore, the convective thermal resistance increases. These outcomes engender reduced RTP values for the four-layers MCBHSs. By increasing the fluid flow velocity, the pumping power reduces the bulk and the convective thermal resistance since the Nusselt Number increases accordingly, and therefore the superior actual removed heat by the fluid for the stacked MCBHSs, since they have larger heat transfer areas, will compromise the pressure drop driven by the high flow disturbance and wall skin friction effects because the thermal resistances are made in parallel. For both single-layer and stacked MCBHS, the use of a truncating ratio of 65% has driven the upper hands to achieve higher Ratio of the Thermal power to the Pumping power. The single-layer MCBHS with a truncating ratio of 65% has recorded the maximum RTP of 23.61 ×   10 6   and 233.06 ×   10 3   at a mass flow rate of   0.008     k g    s −1 and   0.001     k g    s −1, respectively, under 2000×.





4. Conclusions


The present study attempts to suggest a promising solution to reduce the material cost and time required of the mini channels being employed for the cooling of the high concentration photovoltaic systems. Truncating appropriate fins ratios from the entrance and exit regions of the min channel is adopted to reduce the pressure drop across the channels and the operating energy cost of such cooling mechanism. The proposed designs should meet their functionalities with higher or closed performance to the conventional mini channels. The deduced shortcomings of the present work can be summarized as follows:




	
For the single-layer and stacked MCBHS, the use of a truncating ratio of 31% enables achieving minor decrease of the maximum cell temperature, compared to the conventional configurations, but that means a beneficial gain of 31% of the required materials and manufacturing cost of the mini-channel-based heat sink. This outcome has explained the higher recorded electrical efficiencies when using a truncating ratio of 31% for both the single-layer and stacked MCBHS. However, for all investigated configurations, a truncating ratio of 65% is more effective to ensure more surface temperature uniformity distribution.



	
For both single-layer and stacked MCBHS, a truncating ratio of 65% qualifies the recording of the highest water outlet temperature and the lowest pressure drops relatively compared to the conventional MCBHS configurations. The highest water temperature has reached up to 52.7     ∘  C   by the stacked MCBHS with a truncating ratio of 65% and reached under CR of 2000× and a mass flow rate of 0.001 kg/s.



	
For both single-layer and stacked MCBHS, the use of a truncating ratio of 65% has driven the upper hands to achieve higher ratio of thermal power to pumping power. The maximum RTP values have been recorded by the single-layer MCBHS with a truncating ratio of 65% equal to 23.61 ×   10 6   and 233.06 ×   10 3   at a mass flow rate of   0.008     k g    s −1 and   0.001     k g    s −1, respectively, under 2000×. Here, it is worth noticing that at high water flow rates, this superiority being achieved by using a truncating ratio of 65% becomes insignificant.









5. Future Work


As avenues of the present work, experimental study emphasizing the performance enhancement and the cost-effectiveness of the proposed designs under the real climate weather conditions of Saudi Arabia will be performed. The economic competitiveness of the proposed HCPVT systems should be compared to that of planar photovoltaic thermal modules available in the market [35]. Future research may examine silicon matrix high-voltage photovoltaic converters [36,37], which are also utilized in concentrator systems, as an alternative to expensive multi-component solar converters due to their high electrical efficiency, low cost and extended service life.The use of a two-component polysiloxane compound in these solar modules decreases photovoltaic converter deterioration when operating in a concentrated solar flux and at a high operating temperature, which is especially important in Saudi Arabia.
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Nomenclature








	Abbreviations
	



	HCPV
	High concentration photovoltaic



	DNI
	Direct normal irradiance



	CR
	Concentration ratio



	MJSC
	Multi-junction solar cell



	MCBHS
	Mini channel-based heat sink



	Re
	Reynold’s number



	Symbols
	



	   A cell   
	Area of the solar cell [  m  2]



	Q
	Thermal power [ W ]



	E
	Electric power [ W ]



	   V ˙   
	Volume flow rate [   m 3    s  −1]



	P
	Pressure [ Pa ]



	T
	Temperature [    ∘  C  ]



	u
	Velocity vector [  m s  −1]



	   C p   
	Specific heat capacity [  W  m  − 2     ∘  C  −1]



	   q con   
	Thermal flux via conduction [  W m  −2]



	   q r   
	Thermal flux via radiation [  W m  −2]



	   F V   
	Body force vector [ N ]



	Greek symbols
	



	   η sc   
	Electrical efficiency of the solar cell



	  τ  
	Viscous stress tensor



	   η opt   
	Optical efficiency of the solar cell



	   α p   
	Thermal expansion coefficient



	  ρ  
	Density [  k g  m  − 3    ]



	Subscripts
	



	   f , out   
	Fluid outlet



	   f , in   
	Fluid inlet
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Figure 1. Geometric model of the conventional finned aluminum MCBHS: (A) isometric view, (B) side view and (C) top view. 
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Figure 2. Geometric model of the conventional stacked MCBHS design. 
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Figure 3. Geometric model of the MCBHS design with a truncating ratio of 65%: (A) top view and (B) side view of single-layer MCBHS design (configuration 1); (C) side view of stacked MCBHS design (configuration 2). 
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Figure 4. Geometric model of the MCBHS design with a truncating ratio of 31%: (A) top view and (B) side view of single-layer MCBHS design (configuration 3); (C) side view of stacked MCBHS design (configuration 4). 
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Figure 5. Energy transfer through the UHCPV system. 
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Figure 6. Schematic diagram of the boundary conditions of both the HCPV system and the attached heat sink. 
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Figure 7. (A) Mesh independence study for the maximum cell surface temperature at CR = 2000× and mass flow rate of   0.001     k g    s −1 for the first configuration. (B) The generated mesh. 
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Figure 8. Variation of the solar cell maximum temperature against different water flow rates for the work of Ahmed et al. [13] and the present work. 
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Figure 9. Variation of the cell maximum surface temperature vs. mass flow rate for all MCBHSs under: (A) 500× (B) 1000× (C) 1500× and (D) 2000×. 






Figure 9. Variation of the cell maximum surface temperature vs. mass flow rate for all MCBHSs under: (A) 500× (B) 1000× (C) 1500× and (D) 2000×.



[image: Sustainability 14 05352 g009]







[image: Sustainability 14 05352 g010 550] 





Figure 10. Temperature difference within the MJSC for all MCBHSs under CR = 2000× at: (A)   0.001     k g    s −1, (B)   0.003     k g    s −1, (C)   0.0075     k g    s −1 and (D)   0.007     k g    s −1. 
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Figure 11. Variation of the water outlet temperature as function of mass flow rate at: (A) 500×, (B) 1000×, (C) 1500× and (D) 2000×. 
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Figure 12. Variation of the electrical efficiency with mass flow rates under CR of: (A) 500× (B) 1000× (C) 1500× and (D) 2000×. 
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Figure 13. Variation of the pressure drop under CR = 500× at: (A)   0.001    k g    s −1, (B)   0.003     k g    s −1, (C)   0.0075     k g    s −1 and (D)   0.007     k g    s −1. 
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Figure 14. Variation of the RTP against mass flow rate under CR of: (A) 500×, (B) 1000×, (C) 1500× and (D) 2000×. 
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Table 1. Dimensions of the HCPV layers.
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	Material
	Length (mm)
	Width (mm)
	Thickness (mm)





	Aluminum
	29
	27
	6



	GalnP
	10
	10
	0.07



	GalnAs
	10
	10
	0.07



	Ge
	10
	10
	0.07



	Copper (1)
	27
	25
	0.25



	Ceramic
	29
	27
	0.32



	Copper (2)
	29
	27
	0.25
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Table 2. Thermo-physical properties of the used materials.
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	Material
	Thermal

Conductivity,

k (W m     − 1     K     − 1    )
	Specific Heat

Capacity,

C (J kg     − 1     K     − 1    )
	Density,

  ρ   (kg m     − 3    )
	Emissivity,

  ϵ  





	Aluminum
	160
	900
	2700
	-



	GalnP
	73
	370
	4470
	0.9



	GalnAs
	65
	550
	5316
	-



	Ge
	60
	320
	5323
	-



	Copper
	400
	385
	8700
	0.05



	Ceramic
	27
	900
	3900
	0.75
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