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Abstract: The temperature of solar photovoltaic (PV) panels increases due to solar irradiation, 

which leads to decreased power generation. To decrease the temperature, an improvement in 

convective cooling is needed. It can be achieved by airflow modification using a vortex generator 

(VG). This study investigated the effect of a rectangular-shaped winglet vortex generator (RWVG) 

on the performance of a solar PV model. The RWVG was designed with four different attack angles, 

configured in a common flow-up orientation. The attack angles (β) were adjusted from 30º, 50º, 60º, 

and 70º. Additionally, the Reynolds numbers (𝑅𝑒) were varied under 724, 1086, 1448, and 1810. 

The experimental setup was equipped with a thermal camera to capture the temperature distribution 

on the solar PV model surface. Results indicated that the solar PV equipped with the RWVG at an 

attack angle of β = 50° exhibited the highest performance, showing a 30.85% improvement in the 

convection heat transfer coefficient and a thermal performance enhancement of 1.36 times. As the 

Reynolds number increased, performance tended to improve within the variations studied. Visual 

observations confirmed that the RWVG at β = 50° achieved the greatest temperature reduction, 

approximately 21.1%. 

 

Keywords: solar PV; RWVG; configuration; angle of attack; Reynolds number 

1.  Introduction  

Solar photovoltaic (PV) is one of the best choices for 

revolutionizing the renewable energy field1). The crossing 

of the equator line in Indonesia2) is very suitable for 

developing solar PV. However, the increasing temperature 

of solar PV due to solar irradiation becomes the main 

challenge when applying solar PV since it causes a 

decrease in energy conversion efficiency3). Several studies 

have tried to use active and passive cooling methods. 

Bayrak et al.4) performed active cooling on solar PV using 

Phase Change Material (PCM), thermoelectricity, and 

aluminum fins. Meanwhile, Jakhar et al.5) conducted 

Centering Photovoltaic (CPV) with the help of active 

cooling. Basically, active cooling methods require a lot of 

additional mechanical equipment, which would improve 

the external power input. This further increases the cost 

and maintenance requirements6). Therefore, passive 

cooling is advantageous because it eliminates additional 

equipment and power input. 

Passive cooling is a cost-effective or accessible 

technology strategy focusing on available resources 

without energy consumption7,8). Vortex generators (VGs) 

are considered a good technique for convection heat 

transfer improvement for solar PV9). It could produce 

vortices that can accelerate fluid momentum exchange, 

thereby improving fluid thermal uniformity10). Passive 

techniques with VGs can create elongated vortices in fluid 

flow, inducing disruptive secondary flows and reducing 

boundary layer thickness11,12). Many forms of VGs have 

been used to develop vortices that absorb thermal 

energy13). However, winglet-type VGs produce excellent 

and promising vortices that can persist further 

downstream of the surface14).    

VGs can be found abundantly in heat exchanger (HE) 

systems. Xie et al.15) revealed that improving finned tube 

HE performance can be achieved primarily using the VGs. 

Some types of HE equipped with VG were found in solar 

thermal system16). The role of VG, in this case, can 
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improve the temperature performance of the convection 

airflow17). In addition, using VG has become a topic of 

interest in aerodynamic applications. In unsteady 

aerodynamic problems, VGs suppress the dynamic stall of 

wind turbine airfoils18). 

Different shapes of VG winglet type were placed inside 

a circular tube on a solar collector, in the form of delta and 

rectangular. Their effect on the solar collector 

performance was analyzed by da Silva et al.19). The 

modeling results show that they effectively increase 

thermal efficiency. In addition, they were appropriate for 

low Reynolds numbers. Between those two shapes of VGs, 

the delta winglet pair was found to have an excellent 

Nusselt number than the rectangular one, according to 

Tang et al.20). The study was done under the condition that 

the Reynolds number was more than 3.000. 

Solar air heater performance with rectangular winglet 

vortex generator (RWVG) pairs was investigated by 

Dezan et al.21). The VG arrangement was the main interest 

of their study. They found that the robust vorticity 

structure was more developed on flow-up RWVG pairs 

configuration than the flow-down. The changes in the 

flow structure due to the vorticity would enhance the heat 

transfer mechanism. Accordingly, Wang et al.22) also 

verified that by using rectangular winglets with a flow-up 

configuration, the heat transfer was enhanced by about 10 

- 23% higher than in other configurations. This occurred 

in the cooling channel of a plate-type fuel element.  

Samadifar et al.23) evaluate the heat transfer 

improvement on HE systems using rectangular VG with 

simple shapes, which was enhanced by 7%23). However, 

pressure drops further affect the system23,24) as 

compensation for heat transfer enhancement. The 

improvement of the heat transfer mechanism using VG 

was described by Kashyap et al.25). An elongated vortex 

was formed due to surface modification using RWVG. 

The convection heat transfer rate was improved since the 

vortex directly affected the boundary layer within the 

systems. Naik et al.26) investigated an air duct's heat 

transfer and flow properties containing a curved RWVG. 

The heat transfer inside the air duct was increased by 

39.4% when concave RWVG with a 90º angle of attack 

was installed in the air duct. Syaiful et al.27) also found that 

the concave RWVG improved the thermal performance 

with a maximum value of 129.75% compared to the 

baseline.  

The thermal performance of the fin-tube HE equipped 

with two shapes of longitudinal VG, in the form of 

rectangular and delta winglets, was tested numerically by 

Li et al.28). They found that as compared to those without 

VGs, the presence of VGs enhances the thermal 

performance. In addition, rectangular winglets perform 

better than delta winglets. He et al.29) studied numerically 

the effect of modified RWVG pairs on the performance of 

fin-tube HE. The modification includes VG configuration 

and number of rows, Reynolds number, and angle of 

attack. The interesting finding was the RWVG pairs 

enhanced the heat transfer performance with small 

pressure drop values. Additionally, the performance 

improved with the increase in rows and attack angle.      

The effective positioning of the attack angle of vortex 

generators (VG) plays a critical role in enhancing heat 

transfer. In a study conducted by Oh and Kim30), the 

impact of the attack angle on the heat transfer performance 

of fin-tube heat exchangers was thoroughly analyzed for 

three distinct curved winglet VG configurations: 

rectangular, delta-upstream, and delta-downstream. It was 

observed that changes in the attack angle significantly 

influence the flow, particularly in the development of 

wake region and secondary flow, thereby enhancing heat 

transfer. According to their findings, maintaining the 

attack angle below 90° is paramount for ensuring optimal 

heat transfer performance. The research also highlighted 

the potential for up to a 75% improvement in comparison 

to conventional VGs.     

The lapping fins model has been identified as a highly 

effective passive technique for solar PV cooling modules. 

In conditions of 1000 W/m2 average solar radiation and a 

33 ºC ambient temperature, passive cooling through this 

method has exhibited superior performance, resulting in a 

lower average temperature than the reference PV about 

24.6 ºC31).  

As a passive cooling method, a VG is being explored as 

a potentially cost-efficient for PV module cooling. The 

research delves into the impact of using curved VGs to 

enhance flow characteristics in the wake area behind a 

tube. Studies by Gong et al.32) and Lin et al.33) have shown 

that curved VGs (rectangular winglet32) and delta 

winglet33)) effectively reduce the wake area behind the 

tube and create a secondary flow to improve heat transfer. 

Additionally, the height, length, and placement of the 

curved VG also play a role in influencing heat transfer 

performance. 

Wang et al.34) and Lei et al.35) suggest that an optimal 

aspect ratio (length/height) of the delta winglet VG is 2. 

Similarly, according to Mohanakrishnan et al.36), heat 

transfer enhancement occurs when the transverse distance 

between VGs is 2 times the winglet height, which induces 

a strong downwash. The study also explains that the 

winglet height is taken as the characteristic length because 

it directly affects the resulting vortical flow structure, 

leading to increased heat transfer. 

Several of the aforementioned studies indicate that 

vortex generators (VGs) have undergone extensive 

development and are commonly utilized to augment heat 

transfer within a system. However, the utilization of VGs 

for solar photovoltaic (PV) cooling remains infrequent, 

particularly concerning the influence of wind direction, 

which can significantly impact the temperature 

distribution during solar PV cooling. This current study 

explores the thermal performance assessment of a solar 

PV cooling model employing a Rectangular Winglet 

Vortex Generator (RWVG) by adjusting the attack angle 

(β) to emulate the wind approach towards the solar PV 

panels. The variation of β was arranged by 30º, 50º, 60º, 

and 70º. Moreover, the RWVG was set up in a paired 
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configuration with a shared upward flow direction 

towards the air inlet. The research utilized a low Reynolds 

number, adjusted to under 2,000. The study will analyze 

the convective heat transfer coefficients and thermal 

performance. Additionally, temperature distribution 

visualization will be obtained using a thermal camera to 

bolster the data results.  

2.  Methods 

2.1  Test Apparatus Setup 

A test apparatus for conducting the thermal 

performance evaluation for the solar PV cooling model is 

illustrated in Fig. 1.

 

 
Fig. 1: Experimental setup 

 

The subsonic wind tunnel system consists of an inlet, 

contraction cone, test section, diffuser, blower, and outlet. 

The test section contains a solar PV model and RWVG. 

The upper side of the test section is equipped with an 

infrared window that is transparent to the surface of the 

solar PV model. The clear window provides functions for 

the thermal camera to capture the surface temperature 

distribution of the solar PV model in the test. This system 

also has a blower that circulates air to the test section. The 

blower is an axial fan with an induction motor with a 

power of 4 kW ,  which can provide airflow with a 

maximum speed of up to 30 𝑚 𝑠⁄ . The control panel was 

used to adjust the blower speed so that the air could flow 

steadily across the test section. 

The RWVG used in the current study was made of a 

stainless-steel plate with a thickness (b) 0.1 𝑚𝑚 . The 

geometry of RWVG is illustrated in Fig. 2. In Figure 2(a), 

the placement of the RWVG pair configuration is shown, 

with a common flow direction directed upwards towards 

the air. The RWVG was positioned just in front of the solar 

PV model, and a circle highlights a detailed view of the 

RWVG's geometry. The distance of the rear RWVG 

(denoted as B) was measured at 14.775 mm for each pair 

of winglets, with the distance between the winglet pairs 

(denoted as w) set at 29.95 mm. The RWVG had a 

thickness of 0.5 mm. Figure 2(b) depicts the airflow 

approaching the RWVG, and additional details of the 

RWVG pair's geometry are also provided. The RWVG has 

a length (L) of 29.95 mm and a height (H) of 14.775 mm. 

The aspect ratio was optimized to a value of 2. There are 

two pairs of RWVG winglets in this test. A partition made 

of insulation was used between the RWVG pair and the 

inlet of the solar PV model to prevent any direct contact 

between the RWVG and the solar PV model. 

 

 
(a) 
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(b) 

Fig. 2: Details of rectangular winglet vortex generator 

(RWVG) Geometry; (a) RWVG placement on solar PV model, 

(b) Airflow direction on the RWVG. 

 

The illustration in Figure 3 depicts the solar PV model, 

designed with a surface consisting of a 3mm-thick flat 

plate aluminum alloy A1100 measuring 310 x 210 mm. 

This sizing was chosen to accommodate the constraints of 

the Subsonic Wind Tunnel test section. A 1200 W capacity 

heater was strategically placed under the PV model 

surface to emulate solar radiation intensity. The bottom 

cover of PV model, constructed from plywood and lined 

with 40 mm thick glass wool aluminum foil, acts as a heat 

insulator capable of isolating heat up to 121 ºC. This 

measure was implemented to safeguard the solar PV 

model from the cooling effects of airflow. To regulate the 

heat generated by the heater, an OKI Voltage Regulator 

type TDGC2-2000 with a maximum output voltage of 250 

VAC is employed, ensuring a constant heat flux received 

by the solar PV model. 

 

 
Fig. 3: Solar PV model 

  

Five T-type thermocouples were attached on the surface 

of the solar PV model from the inlet to the end of the outlet 

with a distance of 80 𝑚𝑚  between thermocouples. T-

type thermocouples have a temperature range from 0º to 

200 ºC. The thermocouple was connected to the data 

acquisition system (temperature recorder) to read the 

measurement results. The temperature recorder used in 

this test was Lutron BTM-4208SD, with a data reading 

accuracy of ±0.4%. The velocity inlet was set as 0.8, 1.2, 

1.6, and 2 m/s. A Benetech GT8907 Digital Anemometer 

was used to measure the velocity inlet. It can measure 

velocities between 0.4 to 25 m/s with an accuracy of 

±3.5%. 

2.2 Relationship between Convection Heat Transfer 

Equation and Testing 

The analysis in this study utilizes constant heat flux as 

one of the boundary conditions for heat transfer. The 

following equation defines the heat flux: 

 

𝑞" =
𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ∙ 𝐼

𝐴𝑆
(1) 

 

𝑞" represent the heat flux (𝑊/𝑚2), 𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐  represent 

the heater voltage (𝑉), 𝐼 represent the heater current (𝐴), 

and 𝐴𝑆 represent the surface area of the solar PV model 

( 𝑚2 ). The heater's heating of the solar PV model is 

adjusted to the heat flux received in Surakarta City, 

Central Java, Indonesia. The amount of heat flux 

calculated is then applied to the surface area of the solar 

PV model. 

The evaluation of heat transfer performance involves 

the calculation of the convection heat transfer coefficient. 

This is achieved through analysis of the heat flux data in 

conjunction with the surface temperature of the solar PV 

model. The convection heat transfer coefficient is 

calculated by: 

 

ℎ =
𝑞"

(𝑇𝑠−𝑇∞)
(2) 

 

ℎ  denotes the convection heat transfer coefficient 

( W/m2 ∙ K ), 𝑞" represents the heat flux ( 𝑊/𝑚2 ), 𝑇𝑠 

corresponds to solar PV model surface temperature (𝐾), 

and 𝑇∞ stands for the room temperature (𝐾). 

The Reynolds number (𝑅𝑒) in this test can be calculated 

through the air velocity variations using the following 

equation: 

 

𝑅𝑒 =
𝑉𝐻

𝑣
  (3) 

 

𝑉  represent air velocity (𝑚/𝑠 ), 𝐻  represent RWVG 

height (𝑚), and 𝑣 represent kinematic viscosity (𝑚2/𝑠). 

According to Mohanakrishnan et al.36) , RWVG height is 

used as the characteristic length because it directly affects 

the development of vortical flow structure. 

The Nusselt number (Nu) is directly related to the 

convection heat transfer coefficient, which can be derived 

using the following equation: 

 

𝑁𝑢 =
ℎ𝐻

𝑘
(4) 

 

ℎ symbolizes the convection heat transfer coefficient 

(𝑊/𝑚2 ∙ 𝐾), 𝐻 represents the RWVG height (𝑚), and 𝑘 

denotes the thermal conductivity (𝑊/𝑚 ∙ 𝐾). 

The concept of thermal performance within convection 

heat transfer denotes the system's capability to conduct or 

retain heat. This dimensionless parameter holds 

significant importance, as it facilitates the application of 

data collected from surfaces exposed to convective 

conditions in determining thermal performance. Within 

the scope of this study, thermal performance specifically 
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encompasses the ratio of the Nusselt number with and 

without RWVG, and its calculation is as follows: 

 

ƞ =
𝑁𝑢𝑉𝐺

𝑁𝑢0 
 (5) 

 
ƞ  represent the thermal performance, 𝑁𝑢𝑉𝐺  

represent the Nusselt number resulting from the addition 

of RWVG and 𝑁𝑢0 corresponds to the Nusselt number 

without the addition of RWVG. 

 

2.3  Infrared Thermography  

Temperature changes on the top surface of the solar PV 

model were visualized using a FLIR C5 thermal camera. 

This specific device generates a thermal image wherein 

varying colors represent different temperatures. 

Positioned 0.4 m above the surface of the solar PV model, 

the camera has a resolution of 160 x 120 pixels. 

Additionally, the FLIR Thermal Studio software was 

employed to process the infrared images from the thermal 

camera. The resulting image furnishes the data required to 

support a comparison of thermal performance 

enhancement through the addition of the RWVG pair 

configuration, functioning with a common flow-up 

direction, to the solar PV model. 

 

3.  Result and Discussion 

3.1 Effect of Vortex Generator Configuration on 

Convection Heat Transfer Coefficient 

The discussion focuses on the convection heat transfer 

coefficient across the solar PV model's surface and the 

behavior of the working fluid when the RWVG pair 

configuration with a common flow-up direction is 

introduced. The data calculations are based on a constant 

power output of 70 W, which is derived from heat flux 

calculations conducted in Surakarta City. As presented in 

Figure 4, the RWVG pair configuration with a common 

flow-up direction increases the convection heat transfer 

coefficient. It is observed that as the angle of attack 

increases, the convection heat transfer coefficient also 

rises. the configuration at a 70º angle of attack with a 

Reynolds number (Re) of 1810 achieves the highest 

convection heat transfer coefficient value of 43.49 

W/(m²K). Conversely, the lowest coefficient occurs at a 

60º angle of attack with a Re of 724, measuring at 25.79 

W/(m²K). Increasing the angle of attack of the RWVG 

strengthens the vortical structures in the wake of the 

winglets37). Additionally, the contact time between the 

RWVG and the fluid at lower temperatures increases, 

thereby enhancing heat transfer between them. The most 

significant increase in the heat transfer coefficient 51.1% 

is observed at an angle of attack of 50º with a Re of 724. 

In contrast, the lowest increase, at only 7.35%, occurs at 

an angle of attack of 30º with a Re of 1810. Overall, these 

findings align with the research conducted by Daniel et 

al.21), indicating that the RWVG configuration with a 

common flow-up direction generates a robust vorticity 

structure that enhances heat transfer. 

 

 
Fig. 4: Effect of angle of attack for RWVG pair with a 

common flow-up configuration on convective heat transfer 

coefficient. 

 

From Fig. 4, it is also indicated that as the Reynolds 

number increases, the convective heat transfer across all 

variations improves. With a rise in the Reynolds number, 

the strength of the vortices increases, while the secondary 

flows along the channel weaken due to the viscosity 

diffusion of the fluid38). This process ultimately enhances 

the heat transfer rate. However, at attack angles of 30º and 

60º, heat transfer starts to decrease when the Reynolds 

number exceeds 1448. It is interesting to know that 

uncommon behavior is revealed within this study. The 

longitudinal vortex development certainly depends on the 

incoming flow towards the geometry of the VG. RWVG 

has a sharp surface area, which guides the airflow and 

determines two parallel uniform streams behind the 

RWVG. Over time, a region of strong vorticity forms at 

the frontal surface of the RWVG. However, the fluid 

velocity behind the RWVG becomes quite slow, creating 

a wake. This energy dissipation limits the size and 

intensity of the vortical regions39). At attack angles of 30º 

and 60º, the formation of vortices is not significantly 

affected, leading to a reduction in the number of vortices 

and a decrease in the convection heat transfer value. 

           

3.2 Effect of Vortex Generator Angle of Attack 

Variation on Thermal Performance 

The effect of the angle of attack variation of RWVG 

pair configuration with a common flow-up direction to the 

solar PV model is illustrated in Fig.5. RWVG pair with an 

angle of attack of 50º and 𝑅𝑒 = 724 shows the highest 

thermal performance with a value of 1.58. It can also be 

seen from Fig. 5 that with an angle of attack of 30º at 𝑅𝑒 

= 1810, RWVG shows the lowest thermal performance 

with a value of 1.08.  
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Fig. 5: Effect of angle of attack for RWVG pair with a 

common flow-up configuration on thermal performance. 

 

In this study, the optimal combinations of the angle of 

attack and Re for implementing RWVGs were found to be 

60° at Re = 1448 and 70° at Re = 1086. However, the most 

effective angles for enhancing the thermal performance of 

the solar PV model were observed at Re = 1810, 

specifically at 50° and 70° angles of attack. The 50° angle 

of attack facilitates greater fluid mixing and a thinner 

boundary layer, resulting in superior performance 

compared to all other configurations tested. 

Additionally, RWVG pair with a common flow-up 

configuration with a 30º angle of attack does not 

significantly improve the thermal performance at every 

Reynolds number tested. In contrast, the 30º and 60º 

angles of attack showed increased thermal performance at 

𝑅𝑒  = 1086 and 𝑅𝑒  = 1448, respectively. Two pairs of 

RWVGs with a common flow-up configuration provide a 

fairly good thermal performance improvement effect at 

𝑅𝑒 = 1088 throughout the angle of attack variation test. 

Among attack angle variations, the 50º angle of attack in 

the pair with a common flow-up configuration shows the 

best thermal performance numbers when tested with all 

variations of Reynolds numbers. The results depend on the 

type of vortices generated. According to Fiebig40), when 

the angle of attack is small, the generated vortices are 

primarily longitudinal; conversely, when the angle of 

attack is large, they produce more transverse vortices. 

Longitudinal vortices are generally more effective than 

transverse vortices40). 

 

3.3 Thermal Result 

The thermal camera was used to investigate the 

temperature distribution on the solar PV cooling model as 

the effect of RWVG addition. Hence, the temperature 

distribution with and without RWVG can be compared. 

Fig. 6 shows the surface temperature distribution of the 

solar PV model without RWVG attachment. The RWVG 

creates secondary flow, altering the temperature field and 

thinning the thermal boundary layer, which increases the 

heat transfer rate38). The Figures prove that as the 

Reynolds number increases, the surface temperature of the 

solar PV model decreases. Without the installation of 

RWVG, the most dominant temperature drop is located at 

the inlet of the PV model surface. At the same time, the 

outlet does not get an optimal cooling effect. It is due to 

the heat generated by the heater being transferred to the 

surface of the solar PV model and then carried by 

convection from the cooling fluid flowing over the surface. 

 

 
Fig. 6: Surface temperature distribution of solar PV without RWVG under conditions (a) 𝑅𝑒 = 724, (b) 𝑅𝑒 = 1086, 

(c) 𝑅𝑒 = 1448, (d) 𝑅𝑒 = 1810. 
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The surface temperature distribution of the solar PV 

model without VG at 𝑅𝑒  = 724 is shown in Fig. 6(a). 

When viewed at the center and outlet of the solar PV 

model surface, there is no significant decrease in 

temperature. The temperature recorder detected the 

highest temperature, reaching 91.1 ºC under the Reynolds 

number of 724. Fig. 6(b) shows a significant temperature 

drop at the inlet solar PV model surface. As the Reynolds 

number increases to 1086, the center and outlet surfaces 

decrease in temperature compared to the previous 

condition. At 𝑅𝑒  = 1086, the temperature recorder 

detected the highest temperature, reaching 81.7 ºC. The 

more the Reynolds number increases, the more the surface 

temperature decreases in all parts. This can be seen in Fig. 

6(c) for 𝑅𝑒  = 1448, with the highest temperature 

detected by the temperature recorder reaching 76.8 ºC. 

Figure 6(d) shows the temperature distribution at 𝑅𝑒 = 

1810, where it can be seen that most areas of the solar PV 

model show a decrease in temperature. The temperature 

recorder detected the highest temperature at this Reynolds 

number condition was 73 ºC. The outlet surface of the 

solar PV model before the addition of the RWVG pair 

with a common flow-up configuration shows a decrease 

in temperature that was considered insignificant in all 

Reynolds number conditions tested. 

 

 
Fig. 7: Highest temperature distribution of RWVG pair with a common flow-up configuration (a) β = 50º (𝑅𝑒 = 724), (b) β = 70º 

(𝑅𝑒 = 1086), (c) β = 60º (𝑅𝑒 = 1448), (d) β = 70º (𝑅𝑒 = 1810). 

 

The addition of an RWVG pair with a common flow-up 

configuration has the effect of increasing the temperature 

drop on all parts of the surface of the solar PV model, as 

shown in Fig. 7. In this figure, four images show the best 

temperature drop in each Reynolds number condition. 

Figure 7(a) shows the surface temperature distribution 

with an angle of attack of 50º. This angle of attack 

provides a strong vorticity effect at 𝑅𝑒 = 724, resulting 

in a 21.6% decrease in the average surface temperature. 

Figure 7(b) shows the surface temperature distribution 

with an angle of attack of 70º under 𝑅𝑒  of 1086. The 

decrease in average surface temperature under these 

conditions is 12.5%. Figure 7(c) shows the surface 

temperature distribution with an angle of attack of 60º 

under 𝑅𝑒 of 1448. In this condition, there is a decrease 

in average surface temperature of 12.6%. Figure 7(d) 

shows the surface temperature distribution with an angle 

of attack of 70º under 𝑅𝑒  of 1810, with an average 

surface temperature decrease of 13.2%. These four figures 

have proven that RWVG with pair common flow up 

configuration could improve convection heat transfer 

compared to without RWVG. The figures also show that 

the entire surface of the solar PV model decreases in 

temperature due to the airflow disturbed by the RWVG 

when passing through the inlet. 

 

4.  Conclusions 

An experimental investigation was undertaken to 

examine the influence of the angle of attack of an RWVG 

pair with a common flow-up configuration on solar PV 

cooling. Testing on a solar PV model using various 

Reynolds numbers (724, 1086, 1448, and 1810) revealed 

increased convection heat transfer. The results 
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demonstrated that the installation of RWVG led to a rise 

in the convection heat transfer coefficient on the surface 

of the solar PV model. Notably, the highest increase in 

convection heat transfer coefficient, reaching 51.1%, was 

observed with an attack angle (β) of 50º at Re = 724. 

Additionally, the installation of RWVG with two pairs 

resulted in the highest thermal performance, achieving a 

value of 1.58 at Re = 724, accompanied by a noteworthy 

decrease in the average surface temperature of the solar 

PV model by 21.6%, as recorded by the temperature 

recorder. 

Furthermore, it was found that the lowest increase in 

convection heat transfer coefficient occurred with β = 30º 

at Re = 1810, reaching only 7.35%. Under the same 

conditions, the lowest thermal performance was recorded 

at 1.08. The findings suggest that RWVG with an attack 

angle of 50º delivers the most effective convection heat 

transfer for all tests conducted in the RWVG pair with a 

common flow-up configuration. 
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Nomenclature 

𝑞" heat flux (𝑊/𝑚2) 

𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐  voltage of the heater (𝑉) 

𝐼 electric current of the heater (𝐴) 

𝐴𝑆 surface area of the solar PV model (𝑚2) 

h 

 

𝑇𝑠 

 

𝑇∞ 

𝑅𝑒 

𝑉 

𝐻 

𝑣 

𝑁𝑢 

𝑘 

𝑁𝑢𝑉𝐺 

convection heat transfer coefficient ( 𝑊/

𝑚2 ∙ 𝐾) 

surface temperature of the solar PV model 

(𝐾) 

room temperature (𝐾) 

Reynolds number (–) 

air velocity (𝑚/𝑠) 

RWVG height (𝑚) 

kinematic viscosity (𝑚2/𝑠) 

Nusselt number (–) 

thermal conductivity (𝑊/𝑚 ∙ 𝐾) 

Nusselt number resulting from the addition 

of RWVG (–) 

𝑁𝑢0 Nusselt number without the addition of 

RWVG (–) 

 

Greek symbols 

𝛽 angle of attack (º) 

ƞ Thermal performance (–) 
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