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A B S T R A C T   

Through the present investigation, the thermal and power output of novel-shaped solar panels are 
evaluated. For the cooling of the mentioned forms, forced air flow was utilized. Three novel 
shapes, of Pyramid, Hexagonal, and Conical which had the equal lateral surface were considered. 
For the simulation, an open source CFD software was utilized. The lateral surfaces were put under 
identical amount of heat flux. Air as the coolant fluid was injected with constant inlet temperature 
from the trapdoors at the bottom of different shaped structures. Three different values of heat flux 
and air injection rate were evaluated for each shape. The outcomes presented that the conical 
shaped solar panel exhibits better thermal performance than other geometries. Furthermore, 
conical form finds the least temperature that was about 10.5 ◦C less than that of the pyramid- 
shaped panel. Furthermore, it was revealed that the corners of pyramid and hexagonal-shaped 
solar panels have higher temperature. Also, it was found that the efficiency of conical shaped 
panel was up to 8.4% more than that of pyramid-shaped panel.   

1. Introduction 

Through the last decades, the rapid increment of the human population and the lack in energy sources has increased the importance 
on the investigations of the energy subjects. These investigations include different subjects as like to energy storing instruments [1,2], 
optimizing power production systems [3] and renewable energy sources [4,5]. Amongst various type of renewable energy sources, the 
use of solar energy has gained lots of attentions [6,7]. The Photovoltaic panels (PV) are the instruments that directly change the solar 
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energy to electrical energy and has gained the attentions of researchers and engineers in energy systems [8]. Recently, various designs 
of Photovoltaic (PV) solar panels have been introduced by experts [9]. The aim of these designs was to enhance the photovoltaic 
panels’ efficiency. Different parameters affect the efficiency of PVs. However, the temperature of the back-side of the photovoltaic 
panel is critical parameter [10]. The reduction of back side temperature of PV panel significantly affects the efficiency of PVs. 
Increment in the back-side temperature by 1 ◦C can lead to a loss in efficiency of PVs by 0.5% [11]. Consequently, experts have 
attempted to use various methods and techniques to reduce the photovoltaics temperature. Cooling methods, such as water spraying, 
application of heat sink, forced water circulation, application of phase change materials, thermoelectric cooling systems, and forced air 
flow circulation, are commonly used for cooling PV models [12,13]. In the next paragraph, a brief summary of investigations that have 
been conducted on the cooling of solar models is presented. 

One of the high-tech mechanisms for reducing the temperature of PV module involves the use of radiative cooling (RC). This 
method is based on a feature of certain substances that reflect the infrared waves. Specifically, the infrared waves play significant role 
in heating the PV modules [14]. When comparing with bare silicon cells, RCs can reduce the temperature of the cell up to 10 ◦C [15]. 
Lee and Luo [16] conducted an experiment and concluded that the usage of pyramid shaped structure of polydimethylsiloxane as 
thermal emitter may reduce the micro-crystalline-Si solar cells temperature by up to 16 ◦C. Long et al. [17] reported a reduction in the 
temperature of solar cells by 20 ◦C via a micro-grating RC surface, which consists of a thin layer of SiO2. 

Another cooling method is the convective cooling. This method can be categorized into hydro-based cooling and aero-based cooling 
as per the fluid that is used for cooling [18]. Experts have tried to use this method by integrating it with extended surfaces [19], 
nano-particles [20], and natural convection [21]. Salem et al. [22] experimentally studied the quality and quantity of affecting the 
hydro mechanism cooling on the performance of photovoltaics. The results indicated that hydro cooled photovoltaics exhibit higher 
electrical efficiency in comparison with pure photovoltaics. Abdallah et al. [23] employed the Al2O3/water nano-fluid for photovoltaic 
cooling and observed a great enhancement in the solar cells’ efficiency based on the aforementioned mechanism. Subsequently, 
Abdallah et al. [24] added Multi Walled Carbon Nano Tubes (MWCNTs) to water and used this combination as a working fluid for 
cooling PV modules. The results indicated that combination of MWCNTs with water can improve the efficiency of the PV module by 
29.23% when compared to that of obtained by using pure water. In later investigations, Alous et al. [25] compared the influence of 
adding MWCNTs and graphene nano-platelets to water for improving the efficiency of a PV module. Their results indicated MWCNTs 
can increase the photovoltaic modules efficiency when compared to that obtained from using graphene nanoplatelets. Sajjad et al. [26] 
proposed the exhaust air of an air conditioning system to be used as the coolant of the photovoltaic module. Their results indicated the 
aforementioned mechanism leads to improvement in the production of electrical power and performance ratio by 7.2% and 6%, 
respectively. Kabeel et al. [27] performed an experimental study and compared three mechanisms of cooling involving Hydro, Aero 
and Aero-Hydro cooling methods. Elminshawy et al. [28] examined the effect of a buried heat exchanger based on aero cooling 
technique on the performance of photovoltaic module. Through their study, they injected air with four flow rates of 0.0228, 0.0248, 
0.0268, and 0.0288 m3/s for cooling a PV module. Their results indicated a reduction in the photovoltaic module temperature by 29 ◦C 
when compared to that of non-cooling PV module. Wu et al. [29] reported that the position of cooling channel is very important in the 
thermal performance of the PVT panels. Through their investigations the cooling channel was fabricated on the top and bottom side of 
the PV panel. Xu et al. [30]investigated the performance of a PV panel integrated with two air cooling channel for a full day condition. 
Their results presented that in case of using two cooling channels, the thermal and electrical efficiency of the PVT panels would in
crease up to 57.3% and 10.2%, respectively. Through another investigation, Golzari et al. [31] evaluated the performance of PVT 
system which was cooled by corona wind. They reported that by using corona wind the total performance of the system would increase 
up to 28.9%. Amanlou et al. [32] reported that by using the uniform distribution of the cooling air flow, the electrical efficiency of the 
PVT panel could increase up to 36%. They reported that in case of none-uniform flow distribution, the local increments of the back side 
temperature significantly reduce the performance of the PVT panel. 

The application of forced air flow circulation, due to the ease of fabrication of the cooling instruments and the availability and 
abundance of air, can be easily used by experts and engineers. In this method, the design parameters strongly influence the cooling 
performance of the aforementioned mechanism. In the present work, the cooling performance of three novel shaped solar panels, 
namely as pyramid, hexagonal and were simulated and compared. These novel shapes can be widely used in domestic areas (streets 
and solar farms) without the requirement of tracking systems. On the other hand, these towers have a lateral area which has been 
covered with a solar panel and equals as twice the infrastructure area, which is very suitable for urban areas. It is noteworthy that when 
the flat plate solar panels are organized in flat form they need an infrastructure more than panels area. They are also a proper choice 
when considering the urban design, as they appear same as modern residential buildings. The hypotheses applicable to the present 
study are for areas near the equator as well as for the middle of the day, which results in relatively homogeneous sunlight on all lateral 
surfaces of the towers. Through the present investigation the authors have evaluated the effect of geometry on the temperature 
distribution and efficiency and power output of the solar Panels. The previously published paper (Abu Hamdeh et al. [33]) has only 
considered the effect of amount of heat flux and inlet velocity of the coolant air. As is aware, the geometry is one of the major factors 
affecting on the thermal performance and efficiency of solar panels. Consequently, investigations on the influence of the variation of 
the geometry of the solar panels is of importance. 

2. Physical model 

2.1. Definition of the physical model 

Fig. 1 presents the schematic of dimensions of the models considered in this study. As presented, the physical domain consists of 
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three solar panels shaped in pyramid, hexagonal, and conical forms. All the shapes exhibit the same lateral surface, which corresponds 
to 209.963 m2. The shapes were considered to be under three constant heat flux values of 250 w/m2, 500 w/m2 and 750 w/m2 (The 
three values were selected to simulate the effect of different solar radiation values during a day). The structures were cooled via air that 
entered from the trap door at the bottom side of the solar panel. The area of the trap door was 20 m2 for all three cases considered in 
this study. After cooling the surfaces under heat flux, the coolant air exits from the trap door at the top of each shape. The thermo- 
physical properties of the coolant air were considered as constant. For each shape with a constant heat flux, three air mass flow 
rates of 0.24 kg/s, 2.4 kg/s, and 24 kg/s were considered to simulate the effect of mass flow rate on the cooling performance of each 
shape. Furthermore, the different cases analyzed in this work are briefly presented in Table 1. It should be noted that the regions near 
the quarter of the planet earth where the sun shines almost perpendicular to the earth are very potential to the proposed design. This 
mode could be effectively used to increase the radiation receiving surface in comparison with the area needed to stablish the solar cells 
with ordinary designs. This mode could be effectively used inside the cities or on top of the building roof to provide the needed 
electrical energy to an especial domestic usage. 

2.2. Governing equations 

In the present study, the flow was assumed to be steady and incompressible. Furthermore, the flow regime was considered as 

Fig. 1. Schematic of the geometrical properties of the three shapes (pyramid, hexagonal and conical) considered for PV solar panels.  
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turbulent. As mentioned earlier, the thermo-physical properties of the working fluid were assumed as constant. Also, the radiation 
effects were ignored while the boundary condition was determined to be the constant heat flux on the lateral surface of the solar panels. 
Thus, by considering the aforementioned assumptions, the governing equations associated with conservation of mass (1), conservation 
of momentum (2, 3, and 4, related to x, y and z directions, respectively) and conservation of energy (5) could be stated as follows 
[34–38]: 
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In the above equations, the term u.v and w denote the velocity components related to x, y, and z directions, respectively. 
Furthermore, ϑ and ρ denote the kinematic viscosity and density of the flow, respectively. In the energy equation, parameters T and α 
denote the absolute temperature and thermal diffusivity of the working fluid, respectively. 

In the present study, the dimensionless parameters are as follows [33,39,40]. 
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The mean convective heat transfer coefficient was calculated via the following equation [33,41]. 

hc =
− k

L(Tw − Tc)

∫L

0

∂T
∂n

dl (7)  

2.3. Boundary condition 

In the present study and for all the cases presented in Fig. 1, the mass flow inlet boundary condition with certain temperature was 
used for the coolant air and at the inlet trapdoor (bottom side). At the lateral surfaces and for the thermal boundary condition, constant 
heat flux was exerted. The boundary condition used for the velocity on the lateral surface of the solar panels was set to be “no slip”. 
Furthermore, the outlet boundary conditions were assumed for the exit trap door (top of the solar panel). Additionally, the temperature 
of inlet air and bottom side of the solar panel were assumed as equal. Table 2, summarized the mentioned boundary conditions for each 
surface. 

Table 1 
Characteristics of the different shapes considered in this study.  

Structure Heat flux (W/m2) Mass flow rate (kg/s) lateral surface (m2) Area of inlet trap doors (m2) 

Pyramid 250, 500, 750 0.24, 2.4, 24 209.963 20 
Hexagonal 250, 500, 750 0.24, 2.4, 24 209.963 20 
Conical 250, 500, 750 0.24, 2.4, 24 209.963 20  

Table 2 
Boundary conditions considered in this investigation.  

Surface name Thermal boundary conditions Hydrodynamic boundary condition 

Inlet trapdoors Constant temperature Mass flow inlet 
Outlet trapdoors – Outlet flow 
Lateral surfaces Constant heat flux No slip boundary conditions 
Bottom side Constant temperature No slip boundary condition  
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3. Calculation process 

The present study was performed via an open source CFD software (Open foam version 2.3.1). The Buoyant Boussinesq Pimple 
Foam solver was employed in present study. Although this solver considers the flow as unsteady, the nature of this study was steady. 
Hence, the results are related to the time when time independence was realized. 

The turbulence model used in this study corresponded to the k − ε (shear stress transport) model with a wall function [42]. Due to 
use of wall function, the y+ was considered as 64.4 for this model. Furthermore, the PISO algorithm was used for pressure and the 

Fig. 2. A) Calculation domain for the pyramid, hexagonal, and conical shaped solar panels; B) Verification of mesh independence. (Variation in heat 
transfer coefficient vs number of cells for pyramid, hexagonal and conical shaped solar panels). 

H. Ayed et al.                                                                                                                                                                                                           



Case Studies in Thermal Engineering 27 (2021) 101232

6

Navier–Stokes equations coupling [43]. The Gradient, Divergence, and Laplacian terms of the governing equations were discretized via 
an upwind second order scheme. Additionally, the Courant number was determined to be less than unit to enhance the convergence of 
the solution. 

3.1. Grid description and grid independency check 

Fig. 2A presents the calculation domain for the three geometrical structures. As shown in the figure, the non-homogenous cubic 
shaped cells were used for meshing the domain. Given that the size of the geometrical domain was significantly bigger than that of the 
boundary layer, a growth ratio was applied to mesh each geometry to mesh the near side area of the shapes. This implies that the cells 
near the lateral surface of shapes were smaller than those in near core regions. When going through the inner side of the shapes, the 
cells grow, and the size of the cells increases. The height of first cells, which were on lateral surface of the geometries, was constant for 
all shapes and corresponded to 50 μm. 

Four different numbers of cells were used for each geometry to ensure mesh independence. The cases were examined at the most 
critical values of the variant parameters wherein the mass flow rate and heat flux were 24 kg/s and 750 w/m2, respectively. To ensure 
the mesh independence of each geometry, the behavior of the heat transfer coefficient was analyzed. Fig. 2B shows the variation of heat 
transfer coefficient with respect to different number of cells for the three different geometries. The number of cells at which each 
geometry realized mesh independence condition varied for each geometry. For the pyramid shaped panel, the number of cells required 
to realize mesh independency corresponded to 864320, 813694, 536025 and 390000, respectively. Also, for the hexagonal shaped 
panel, four numbers of 333369, 401000, 457000 and 813000 were used. Furthermore, for the Conical panel, the cell numbers of 
340000, 381000, 423000 and 536000 were used too. It should be noted that to save the calculation costs, the cell numbers used for 
conducting the rest of investigation were chosen to be 813694, 457000 and 423000 for the Pyramid, Hexagonal and Conical shaped 
panels, respectively. 

3.2. Validation 

This section addresses the validation of the present study. The validation was performed for the pyramid shaped structure. In this 
study, the size of the geometry was in real dimensions and the dry air was used as the working fluid (as coolant). Due to low Prandtl 
number of the working fluid, the magnitude of the thermal boundary layer formed on the lateral surface was small when being 
compared with the dimensions of the whole geometry. This ensureed that no interactions would occur between the boundary layers 
formed on two sides of the pyramid. Consequently, each of the pyramid sides is assumed as a free surface. Hence, at lower air mass flow 
rates (0.24 kg/s), the formation of large vortices and their domination due to free convection is highly probable which results in 
erroneous results. Consequently, the validation was conducted for air mass flow rate of 24 kg/s and for various heat fluxes. To obtain 
the heat transfer coefficient, equations (12)–(14) have been used. 
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By calculating the NuL from equation (13), the surface averaged heat transfer coefficient can be derived from equation below: 

Fig. 3. Comparison between present study and the work of Abu-Hamdeh et al. [33] and analytical results [44].  
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Nu=
hl
k

(14) 

To ensure the validity of the numerical method, the results have also been compared with the results obtained by Abu-Hamdeh 
et al. [33]. Fig. 3 depicts the comparison of the results obtained in this study and those of Abu-Hamdeh et al. [33] and the analyt
ical study. It should be noted that the paper published by Abu-Hamdeh et al. [33] has focused on the evaluation of the effect of inlet 
velocity of the coolant air and its’ relation with the applied heat flux in a fixed geometry. However, the present investigation has 
focused on the influence of the geometry of the solar panel which was not conducted before. Since, the variation of geometry affects the 
creation of vortices, flow field and temperature distribution. The variation of these parameters directly affects performance of the solar 
panel. 

The results obtained in this study and analytical results were in good agreement. The maximum error was approximately 15.35%. 
Also, the maximum deviation between the results of present investigation and the results of Abu-Hamdeh et al. [33] was less than 3%. 
The numerical study results were greater than those of analytical solution. This is because of presence of the small vortices generated at 
the lower section of the pyramid. Furthermore, it is important to note that the heat transfer coefficient on the free surface is inde
pendent of the heat flux, and this is clearly evident in the numerical results presented in Table 2. This indicates that the results obtained 
in the present study are credible. 

Fig. 4. Variation in average back-side temperature vs mass flow rate for different shapes (pyramid, hexagonal, and conical) at different heat fluxes 
(A, B, and C). 
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Fig. 5. Variation in average heat transfer coefficient vs mass flow rate for different shapes (pyramid, hexagonal, and conical) at different heat flux 
values (A, B and C). 
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4. Results and discussion 

In the following section, the simulation results of the three geometries are discussed. In the present study, the thermal performances 
of the three novel-shaped solar panels are simulated, investigated, and compared. The shapes were in form of a pyramid, hexagon, and 
cone. All the shapes exhibit equal lateral surface that are under constant heat flux. The simulations were performed for steady con
ditions. To simulate different hours of a day, three different amounts of heat flux were applied on the lateral surface of each panel. The 
solar panels were cooled at each constant heat flux via air with three mass flow rates. The inlet air temperature was constant and was 
considered to be 20 ◦C. 

The rest of the following section is divided into 2 subsections. The first subsection deals with the thermal properties of the 
considered shapes. In the second subsection, the effect of the shapes and cooling method on the efficiency and power output of the 
proposed solar panels is discussed. 

4.1. Thermal performance 

Fig. 4 demonstrates the variation in the average back-side temperature of the three shapes with respect to the mass flow rate of the 
cooling air. As the air mass flow rate increases, the back-side temperatures for all the shapes significantly decrease. For all the cases of 
heat flux values and air mass flow rates, the maximum and minimum back-side temperatures corresponded to the pyramid-shaped and 
conical-shaped solar panels, respectively. Additionally, for all the cases, the minimum back-side temperature corresponded to the 
conical-shaped solar panel. The maximum temperature difference between the proposed shapes was between the conical-shaped and 
pyramid-shaped solar panels, and the difference was approximately 10.9 ◦C. The maximum temperature difference was observed for 
the case with a heat flux and air mass flow rate of 750 W/m2 and 0.24 kg, respectively. Additionally, it should be noted that even for the 
cases with heat flux values of 250 W/m2 and 500 W/m2, the maximum temperature difference was between the conical and pyramid 
shaped solar panels. This reveals that the changes in the shape of solar panels are more effective at low coolant air flow rates. 

Given that the lateral surface of all the shapes and the mass flow rates of coolant air and heat flux values for all the cases are equal, 
the higher reduction in average back-side temperature of the conical shaped solar panel (when compared to other shapes) is due to the 
effect of the geometry of the conical panel on the heat transfer coefficient. Fig. 6 (A, B, and C) present the variation in heat transfer 
coefficient with respect to the various cases analyzed in this study. 

As presented in Fig. 5, the heat transfer coefficients for all the shapes at all heat flux rates increase as the mass flow rate increases. 

Fig. 6. Flow streamlines for the different geometrical shapes at different mass flow rates.  
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Furthermore, the results in Fig. 5 (A, B and C) show that the heat transfer coefficient of hexagonal shaped solar panel is greater than 
that of the pyramid shaped solar panel. Additionally, the heat transfer coefficient of the conical shaped solar panel is higher than that of 
the hexagonal shaped solar panel. The maximum improvement ratio of the heat transfer coefficient was between the conical shaped 
and pyramid shaped solar panels, and it was approximately 19%. This ratio was observed at heat flux and mass flow rate of 750 W/m2 

and 24 kg/s, respectively. 
The higher improvement in the heat transfer coefficient of conical shaped solar panel when compared to those of other shapes can 

be explained as follows: The heat transfer coefficient is dependent on flow characteristics and geometrical properties of the surface. 
The higher improvement in the heat transfer coefficient of conical shaped solar panel when compared to those of other cases can be 
explained by the temperature distribution and flow stream lines, which are presented in Figs. 6 and 7. 

Fig. 6 presents the streamlines related to the different geometries of the solar panels. It is to be mentioned that the streamlines 
presented in Fig. 6 are those that occur on the vertical bisector of the shapes due to the asymmetric feature of the geometries. Fig. 6 
reveals that bigger vortices are generated in pyramid shaped solar panel when compared to those in hexagonal and conical shaped 
solar panels. These vortices are not very powerful. So they may exhibit a laminar regime. As the air mass flow rate increases at the 
pyramid shaped solar panel, a big vortex is generated. The vortex covers the entire length of the side of the pyramid. At a mass flow rate 
of 2.4 kg/s for the hexagonal and conical shaped solar panels, the size of the vortex diminishes when compared to that of pyramid 
shaped panel. Furthermore, the intensity of the streamlines increased, especially near the side regions of the solar panels. Indeed, 
through the Pyramid shaped solar panel and at each side of panel, there is only one face that the coolant air slides on it, however, for 
the Hexagonal panel this number increases. In fact, the normal vector of these faces are not parallel to each other, consequently, the 
returned air flow from these faces coincide with each other which causes interruption inside the layers of the fluid flow. These in
terruptions play the major role on the formation of the vortices and increases the turbulence intensity of the flow associated to each 
shape. For the conical shaped panel, due to the circular nature of the surfaces, the coincidence of the returnee flows from the side walls 
are intensified. Consequently, the streamlines get denser form in this shape and causes to more increment in the turbulence intensity of 
the flow. At an air mass flow rate of 24 kg/s, it could be seen that the size of the vortices of the Hexagonal panel is smaller than that in 
Pyramid panel. Also, for the conical shaped panel, no vortex was generated. It should be mentioned that for the Pyramid and 

Fig. 7. Contours of temperature for various cases analyzed in the study.  
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Hexagonal shaped panels, the lower parts of the side walls have more width than the top part, which allows for the creation of the 
vortices. For the Hexagonal shaped this width is less than that of Pyramid form consequently, the streamlines get denser and the size of 
vortices diminishes. However, there is no flat area for the conical shaped panel. Consequently, the interruption of the air streams is 
more often and the size of vortices diminishes and circulating flow gets destroyed. This implies that the entire inlet stream of the flow 
exits from the top trapdoor before any circulation occurs. In many previous studies, the vortex is proposed as an element of heat 
transfer enhancement. However, it should be noted that vorticities that exhibit a 2-D nature and circulate in a laminar form can act as a 
bulk of fluid, which is trapped in a region. This type of movement leads to a loss of heat transfer capacity of the working fluid (by 
reaching the temperature of the heating part). Subsequently, the cooling capability of the fluid is decreased. Based on the above 
explanations and by comparing the flow behaviors in Figs. 5 and 6, it can be concluded that the change in the structure of the solar 
panel from pyramid shape to conical shape affects the form of flow, which in turn positively affects the heat transfer rate of the solar 
panel. 

Fig. 7 depicts the temperature contours (isotherm lines) for the three structures. As mentioned before, the back-side temperature of 
the solar cell plays a crucial role in electricity production efficiency of the solar panel. Hence, understanding the temperature dis
tribution of the solar panel can aid in controlling the cooling process in an optimal manner. The maximum temperature of the hex
agonal shaped solar panel is less than that of the pyramid shaped panel for almost all the cases. Simultaneously, the maximum 
temperature of the conical shaped solar panel is less than those of the other two structures for all the cases with varying heat fluxes and 
mass flow rates. The contours of temperature reveal that stratified distribution of temperature occurs for all cases with an air mass flow 
rate of 0.24 kg/s. It should be noted that this finding was in agreement with the results of Abu-Hamdeh et al. [33] at which they also 
indicated that inside the Pyramid shaped solar panel the stratified distribution of the temperature is very dominant. In these cases, the 
maximum temperature occurs at a region near the exit trapdoor. Fig. 6 shows that this point (where the maximum temperature occurs) 
is the same point where the flow in the vortices turns towards the downward side. At a mass flow rate of 2.4 kg/s, the stratified form of 
temperature distribution still remains for the solar panel with pyramid shape. At this flow rate, the maximum temperature occurs at the 
corners of the pyramid shaped and hexagonal shaped solar panels. At these regions, the circulating air flow is trapped due to the 
existence of vortices. Consequently, air loses its heat transfer capacity. However, for the conical shaped solar panel, the temperature is 
distributed more evenly when compared to that in the other two shapes. In the conical shape, the maximum temperature occurs at two 
regions. The first region is near the bottom side and the second region is near the exit trapdoor of the solar panel. As mentioned earlier, 
at these regions, the flow direction of the vortices changes and the intensity of the flow streamlines is maximum. In these regions, the 
flow heat transfer coefficient decreases. Thus, the solar panel back-side temperature increases. For the cases with mass flow rate of 24 
kg/s, the distribution of temperature remains in the stratified form for the pyramid shaped and hexagonal shaped solar panels. The 
maximum temperature of the pyramid shaped panel was less than those for cases with a mass flow rate of 2.4 kg/s and all heat flux 
values. However, for the hexagonal shaped solar panel, the maximum temperatures of cases with air mass flow rate of 24 kg/s were 
greater than those of cases with air flow rate of 2.4 kg/s. This increment in the maximum temperature in certain cases (cases with a 
heat flux of 750 W/m2) was uniform up to 20 ◦C. For the conical shaped solar panel at an air mass flow rate of 24 kg/s, the maximum 
temperature of the solar panel was less than that at air mass flow rate of 2.4 kg/s. In this case, the stratified distribution of flow was 
maintained. Fig. 6 shows that a circulating flow occurs at lower region of the conical shaped solar panel and near the lateral surface of 
the solar panel. By comparing the isotherm figures of conical shaped solar panel at a mass flow rate of 24 kg/s with those related to 
streamline (Fig. 6), it is evident that the concentration of high temperature curves occurs in the lower region. Another noteworthy 
point is about the density of the distribution of temperature: As mentioned through the introduction section, the uniform distribution 
of the temperature is very important for the enhancement of the performance of the solar panel [32]. Looking to the temperature 
contours of Fig. 7, it is revealed that the conical shaped panel not only has less values of the temperature but also the distribution of the 
temperature is more even than other shapes. Indeed, local increments of the temperature diminish the efficiency of the panel and cause 
to early breakdowns of the PV panels. This point denotes that the conical shaped panel not only could enhance the efficiency of the 
panel but also could reduce the repairement costs and increase the life of PV panel. 

4.2. Efficiency and power output analysis 

The cooling of the solar panels significantly affects the efficiency of the PVs. Many researchers attempted to formulate the effect of 
heat transfer on the efficiency of the PVs. Some researchers reported that an increment of 1 ◦C in the back-side temperature of the solar 
panel cell leads to a reduction in efficiency of the solar panel by 0.5%. The following equation has been proposed [3,4] to predict the 
effect of back-side temperature on the efficiency of the solar panel. 

ηpv = ηTR
(
1 − βR(TC − TR) (15) 

In this equation, ηTR denotes the PV module efficiency measured at the reference temperature, βR denotes the coefficient of tem
perature for the efficiency of the cell. Furthermore, TC and TR denote the cell temperature and reference temperature, respectively. 

Fig. 8, A1, A2 and A3 shows the variation in the efficiency of the three shapes of the solar panels with respect to different cases 
considered in this study. By increasing the air mass flow rate, the efficiency of all the shapes of solar panels increases. For the cases with 

Fig. 8. A1, A2 and A3: Variation in efficiency of solar panel vs air mass flow rate for different shapes at varying heat flux values; B1, B2 and B3: 
variation of power output of each solar panel vs air mass flow rate for different shapes at varying heat flux values. 
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a heat flux of 250 W/m2 (Fig. 8 A), the maximum efficiency was 0.100, which was exhibited by the conical shaped solar panel at an air 
mass flow rate of 24 kg/s. The efficiency of the solar panel with conical shape for this case was higher by 2.8% when compared to the 
efficiency of the pyramid shaped solar panel with same condition. For the cases with a heat flux of 500 W/m2, as the air mass flow rate 
increases, the efficiency of the solar panel increases. Similarly, for the cases with the heat flux of 250 W/m2, the efficiency of the 
hexagonal shaped solar panel was greater than that of the pyramid shaped panel. Furthermore, the efficiency of the conical shaped 
panel was higher than those of the other two shapes. The maximum efficiency of the conical solar panel was observed at a mass flow 
rate of 24 kg/s and was approximately 0.0923. This was higher by 5.54% when compared to that of the pyramid shaped panel. For the 
cases with a heat flux of 750 W/m2, the behavior of the efficiency curves was similar to that of the two aforementioned cases. However, 
in this case, the maximum efficiency was approximately 0.085. Similar to the aforementioned cases, this value was observed at a mass 
flow rate of 24 kg/s and was exhibited by the conical shaped solar panel. It is worth mentioning that the increment ratio of the ef
ficiency related to this case was approximately 8.26%. A comparison of this increment ratio with the values of the decrement in the 
back-side temperature of the solar panel, reveals that the relationship between the increment ratio and back-side temperature is in 
agreement with the statement in previous studies [9]. As per previous studies, an increment of 1 ◦C in the back-side temperature leads 
to a reduction in efficiency by approximately 0.5%, and vice versa. 

Fig. 8 B1, B2, B3 presents the variation of output power for the different cases investigated in the present study. The power output 
values were calculated via the following equation [11]: 

Qave =A
∑

ηiIi

/
Nd (16)  

where the term A is the receiving surface of the PV, the ηi is the efficiency of the PV panel which was calculated by equation (15). 
Besides, the term Ii/Nd is the average of the radiation within a year. 

As presented in Fig. 8 B1, B2, and B3, the output power of each of the cases considered in this study increases by the increment of 
the air inlet mass flow rate. It is evident that the power output of the conical shaped panel is more than other cases almost in all 
condition. It should be noted that the difference between the output power of conical shaped panel and other cases increases by the 
increment of the air mass flow inlet. The maximum power output was related to the conical shaped panel and was about 13500 W 
which has been achieved for the radiation values of 750 W/m2 where the air mass flow rate was 24 kg/s It should be noted that the 
temperature distribution of the conical shaped panel is the main reason of the increment of the output power of conical panel in 
comparison with other cases. Indeed, the less values of back side temperature of the panel and even distribution of the temperature 
along the panel enhances the efficiency of the PVs which directly increases the power output of the panel. As mentioned before, the 
conical shaped panel causes to reduction of the laminar form of the vortices that causes to trapping of the cooling air in a certain area. 
Consequently, by continues passing of the cooling air over the certain area the temperature of the back side of panel reduces and results 
in enhancement in the output power of the panel. 

5. Conclusions 

In this work, the cooling performance of the three novel shaped solar panels, namely pyramid, hexagonal, and conical, was 
simulated and compared. The simulation process was performed via an open source CFD software (Open foam, Version 2.3.1). The 
simulation was performed for the steady condition, and the fluid flow was considered to be incompressible. The K− ε model was used 
for modeling the turbulence feature of the flow. Instead of solar radiation, a constant heat flux was applied on the lateral surface of the 
solar panel. Furthermore, air at a constant temperature of 293 K was injected from the bottom trap door to cool the lateral surface of 
the solar panels. The main findings of the study are as follows:  

❖ The conical shaped solar panel exhibited minimum mean temperatures for all the cases considered in this study.  
❖ High temperatures for the pyramid shaped and hexagonal shaped solar panels were distributed near the corners. These regions 

should be cooled via other techniques when considering these designs for real applications.  
❖ The distribution of high temperature for the conical shaped solar panel in cases with an air mass flow rate of 2.4 kg/s and 24 kg/s 

occurred in a more expanded area than those for the two other shapes. This area can be easily cooled via various techniques that can 
be applied to surfaces.  

❖ The heat transfer coefficient of conical shaped solar panel was as high as 23% and 35% more than those of hexagonal shaped and 
pyramid shaped solar panels, respectively.  

❖ The conical shaped solar panel exhibited 8.4% and 5% higher efficiency than the pyramid shaped and hexagonal shaped solar 
panels, respectively.  

❖ The distribution of the temperature in the conical shaped panel was more even than other shapes. This point denoted that the 
conical form could provide both better performance and more working life time for the PV panel.  

❖ The maximum power output was about 13500 W and was related to conical shaped panel. 

Research outlook of the present investigation 

It is proposed that the upcoming investigations in this subject would investigate the effect of addition of internal grooves on the 
conical shapes. Furthermore, it is recommended to seek the effect of having different phase change material (fabricated on the back 
side of the panel) on the temperature distribution of the panels. 
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