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Abstract 

In this study, wind loads on a ground-mounted solar panel was investigated numerically at different 

ground clearances and azimuth angles, and the results were compared with the experimental data. A 

1:20 scaled solar panel model with 35° panel inclinations was designed for a chord Reynolds number of 

6.4 × 104. The studies were performed for the azimuth angles between 0°–180° in 30° increments and 

ground clearances of 0 to 0.06 m. In the numerical analyses, Computational Fluid Dynamics was 

calculated with 3 different turbulence models. The results showed that higher ground clearances caused 

stronger vortex shedding fluctuations, higher velocity zones, and shedding frequencies, and shorter 

vortex scales behind the panel. The critical wind directions were determined as 30° and 150° in terms 

of overturning moments, while the maximum value of both the lift and drag coefficient were obtained 

at 180° azimuth angle. In addition, a hurricane scenario with a wind velocity of 33 m/s was created on 

a 1:1 scaled model and fluid-structure interaction simulation was performed. The numerical results of 

the aerodynamic loads were in a good agreement with the experimental results. 
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1. INTRODUCTION 

In recent years, storms and hurricanes caused by climate change exert a detrimental impact on 

daily life, resulting in substantial material damage and even loss of life. In 2022 alone, storms 

and floods in the U.S. inflicted nearly 7 billion dollars in damage, and this sum continues to 

increase (NOAA). Since solar photovoltaic panels, which require high installation costs, are 

directly susceptible to natural disasters, the strength calculations of these structures must be 

made meticulously. Solar energy systems produce energy using photovoltaic panels which are 

used on large solar panel fields and roofs. Since the panels are damaged especially under wind 

load, wind load calculations should be done well before installation. Therefore, there have been 

several investigations on the wind loads of solar panels. For instance, Jubayer and Hangan [1] 

investigated a photovoltaic panel installed in an open land setting, utilizing the atmospheric 

boundary layer approach, both numerically and experimentally. A numerical study was carried 

out to predict the wind loads on solar panels for different turbulence intensities ranging from 

0.1 to 0.3 and wind speeds ranging from 35 to 75 m/s by Choi et al. [2]. 1:20 scaled solar panel 

with a 20° tilt angle were experimentally tested at different configurations by Ginger et al. [3] 

Shademan et al. [4] conducted 3-D Reynolds-Averaged Navier-Stokes (RANS) simulations to 

evaluate the flow structure on ground-mounted solar panels under various flow configurations. 

Güemes et al. [5] compared experimental and numerical techniques to evaluate the accuracy of 

RANS models in predicting wind loads on solar panels. Wang et al. [6] investigated 

experimentally the wind load on building-mounted solar panel systems under the effects of 

building side and aspect ratio and parapet height. Li et al. [7] investigated the wind load on in-

line flat roof-mounted solar panels and determined the effects of array spacing, the inclination 

angle and parapet height. Mammar et al. [8] studied on the effect of column height on the 

stationary and unsteady wind loads on heliostats. An experimental study performed to 

determine wind loads on 1:20 scaled solar panels installed on the roofs of low-rise buildings at 
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different distance between modules and mounting height by Stenabaugh et al. [9]. Browne et 

al. [10] presented a short method to determine the wind loads on multi-row ground mounted 

solar panel models compliant with ASCE 7 (The American Society of Civil Engineers) 

standards and the resulting dynamic resonance effects with reference to wind tunnel 

experiments. Barbón et al. [11] examined in-line ground-mounted solar panel systems and 

presented a method for estimating the optimum locations for such systems. Young et al. [12] 

investigated aeroelastic fluctuations due to strong winds on solar tracking solar panel systems. 

Aly and Whipple [13] simulated a hurricane with two different configurations for ground-

mounted panels under the effect of the tilt angle, ground clearance and bracket lengths. Leitch 

et al. [14] investigated the net wind loads on solar panels that were mounted parallel to pitched 

roofs and on the underlying roof surface. Yemenici and Aksoy [15] performed an experimental 

and numerical study on wind effects of a ground-mounted solar panel at different panel 

inclinations and azimuth angles. CFD method enables the detection of potential errors before 

the production process begins. Danesho et al. [16] demonstrated the effectiveness of this 

method by predicting faults in their models. 

      In the literature, the studies of aerodynamic characteristics of solar panel systems have 

mainly focused on roof-mounted and building-mounted systems. Although in recent years, 

investigations about ground-mounted systems and solar energy farms have become more 

essential due to increasing energy demand, most of these were either experimental or numerical. 

To fill this gap, the wind loads on a ground-mounted solar panel were investigated under the 

effect of the ground clearances and azimuth angles, both experimentally and numerically. In 

addition, the stresses on the panel were calculated using the FSI method. More cost-effective 

systems were designed in a shorter time with numerical analyses using RSM, k-ε and k-ω SST 

(Shear Stress Transport) turbulence models and these analyses were compared among 

themselves and with experimental results. Moreover, the use of two different ground clearances 

in the research provided a design method for solar power plants in different terrain conditions 

and offshore installation. 

2. METHODOLOGY 

In this section, the experimental setup, the numerical methods, the flow conditions, and the 

measuring instruments are examined in detail. The dimensions of the flow field, boundary 

conditions, mesh structure, mesh independence study, conservation equations, and validation 

study are also presented. In addition, the FSI method, which allows the numerical calculation 

of stresses due to wind loads, is also detailed. 

2.1  Experimental set-up 

Figs. 1 a and 1 b show the geometry, moment coordinate system and position of the 1:20 scale 

solar panel model in the wind tunnel. As stated in the literature by Yemenici and Aksoy [15] 

and Aly and Whipple [13], the front row panels of solar panel arrays are subjected to maximum 

aerodynamic loads. Therefore, a single ground-mounted solar panel model is designed and 

predictions are made for the other panels based on this model. The panel with a width of 0.2 m, 

a beam of 0.1 m and a thickness of 0.02 m is fixed to a support column with a diameter of 

0.02 m by bolt-nut. The thickness of the panel was kept to a minimum to allow the pressure 

tubes to fit, and the support column made of stainless steel was placed on the turntable. 

Experimental and numerical analyses were performed using a panel inclination angle of 35°. 

The ground clearance was 0 and 0.06 m and the azimuth angles were 0°, 30°, 60°, 90°, 120°, 

150° and 180°. The panel was located 0.05 m from the entrance of the wind tunnel test section. 

For simultaneous pressure measurements, a total of 50 pressure taps were opened on the top 

and bottom surfaces of the panel, 25 taps on each surface. The taps were spaced at regular 
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intervals across the width of the panel and the floor opening and connected to the scanner 

system via pressure pipes. The ReC was calculated as 6.4 × 104, and the reference wind speed 

was chosen as 10 m/s for all measurements. 
 

 
a)  b) 

Figure 1: a) Geometry and moment coordinate system of the model, b) 1:20 scaled model in the wind 

tunnel. 

      In order to obtain better understandable and more accurate experimental results, the Moffat 

[17] uncertainty estimation method was applied to the calculated and measured quantities. The 

maximum uncertainty of the velocity measurements was obtained as ±2.12 %, while those of 

pressure measurements value was 1.05 %. The overall uncertainty in the mean drag, pressure, 

lift, and moment coefficients were ±1.36 %, ±1.18 %, ±1.38 %, and ±1.38 %, respectively. The 

uncertainty of the Reynolds number was also approximately ±2.30 %. 

2.2  Numerical methods 

The solar panel was modelled using ANSYS 2020 R2 design and analysis software. The test 

section, solar panel dimensions, cylindrical support column, solar panel location, and the input 

and output parameters in the numerical simulations were designed similarly with the 

experimental studies. Due to the atmospheric conditions, the computational domain was created 

with the COST guide suggested by Franke et al. [18]. The computational domain, boundary 

conditions and mesh structure are shown in Figs. 2 a and 2 b. The dimensions of the domain 

were determined as 58.5 H length, 10 H height and 11 H width in order to minimize the wall 

effects. The maximum blockage rate was calculated approximately 1.7 %. Atmospheric 

boundary conditions were determined based on the flow conditions of the wind tunnel, and the 

TI was chosen 20 % at a reference inlet velocity of 10 m/s. No-slip wall condition was applied 

at the domain walls, panel surface and support column. The zero-pressure gradient was used at 

the outlet domain. Polyhedral-hexahedral mesh structures were created with the FLUENT 2020 

R2 meshing program. In general, fine mesh structures were formed in domains with more 

gradient changes, while coarser mesh structures were formed in the other areas. Thus, the 

minimum CPU usage and analysis times were obtained. The mesh independence study was 

performed for the estimation of discretization error, as stated by Celik et al. [19]. The grid 

sensitivity analyses were carried out with the number of 2213117, 4337759 and 10269099 

elements for the panel inclination of 35° and the azimuth angle of 0°. The GCI values of 

velocities were calculated as 0.79 % and 1.4 % for the medium and finest mesh structures, while 

those of value based on the mean surface pressures were 7.89 % and 9.28 %, respectively. As a 

result, it was determined that the number of 4337759 elements was sufficient in terms of 

accuracy and the analyses were carried out with medium grid. 
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a)  b) 

Figure 2: a) Computational domain and boundary conditions, b) mesh structure. 

      In the numerical analyses, simulations were performed with the k-ε, k-ω SST and RSM 

turbulence models, which were detailed in this section. RANS models provide numerical 

solutions for simple and complex problems for laminar or turbulent flows in fluid mechanics 

and dynamics. RANS methods are based on the Reynolds decomposition of the Navier-Stokes 

equations, and turbulent flow is defined as a random variation around a mean value. The time-

averaged mass-conservation and the Reynolds-averaged Navier-Stokes equations described as: 
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 = 0           (1) 
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where ρ is fluid density, P is static pressure, and ui and uj are fluid velocities in tensor form. 

The Reynolds stress term 𝜌𝑢𝑗
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′̅̅ ̅̅ ̅̅ = 𝜌𝜏𝑖𝑗 and Si,j were given with Eq. (3). 
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      The k-ω SST model uses two transport equations, one for the turbulent kinetic energy (k) 

and one for the specific dissipation rate of the turbulent kinetic energy (ω). The specific 

dissipation rate, which is defined as the rate of dissipation of turbulent kinetic energy per unit 

mass, is used to compute the turbulent viscosity in the model. It provides more accurate 

solutions for both separated and free shear flows, as stated by Czyz and Karpinski [20]. The 

turbulence viscosity, turbulent kinetic energy, and specific dispersion ratio equations was given 

as: 

𝜈𝑡 = 𝑎1
𝑘

𝑚𝑎𝑥(𝑎1𝜔,𝑏1𝐹23𝑆)
           (4) 
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      In the simulations, mean drag and lift coefficients values of the panel were obtained for 

seven different azimuth angles and two different ground clearances. The numerical CD and CL 

values were evaluated using the RSM, k-ε and k-ω SST turbulence models. The results obtained 

for each turbulence model were compared with the experimental data in Fig. 3. It was seen that 

the results of RSM, k-ε and k-ω SST turbulence models were similar to the experimental results 

with error rates of 1.2 %, 4.3 % and 1.9 % for CD, 3.1 %, 4.9 % and 3.9 % for CL at H6 height, 

respectively. Similarly, those of values at the H0 model were found as 2.7 %, 6.8 % and 3.2 % 

for CD, 12.7 %, 15.6 % and 13.4 % for CL, respectively. The error difference between the RSM 

model and the k-ω SST model was smaller than 1 % on average. For this reason, the k-ω SST 

turbulence model was chosen in the analysis to better observe the flows around the panel and 

to reduce CPU and time costs. 
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a)   b) 

    
c)   d) 

Figure 3: CL and CD plots of each turbulence models compared with experimental data. 

      The average CPU time per iteration for each turbulence model and azimuth angle is given 

in Fig. 4. The RSM model consumed a higher CPU time compared to the other two models, 

which results in higher costs. Although the difference between the RSM and k-ω SST model 

results were very small, the k-ω SST model was the most optimal turbulence model in terms of 

CPU costs and time. Therefore, the k-ω SST model was used as turbulence model in this study. 

     

Figure 4: The average CPU time per iteration for each turbulence model and azimuth angle. 

      Finite Volume Method and the QUICK scheme was used in the analysis to discretize the 

governing equations and convective terms, respectively. For pressure interpolation, the 

STANDARD scheme based on the mean values of the flow variables was performed. The 

SIMPLE algorithm was applied to obtain the pressure-velocity matching. Simulations were 

considered to converge when insignificant changes in the drag and lift forces of the panels were 

observed. Seven different cases were simulated for azimuth angle effect and two different cases 

for ground clearance. In addition, the numerical results were validated by comparing with 

experimental results as applied by Wan et al. [21]. 

      In many CFD-based aerodynamic problems, it is assumed that the forces exerted by the 

fluid on the bounding solid surfaces do not significantly change their geometry. In such cases, 

the interaction of the fluid with the solid surfaces can be studied and the forces exerted on the 
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solid surfaces can be calculated once the characteristics of the fluid motion are determined, as 

stated by Antoci et al. [22]. If the characteristic time scales of the motion of the fluid and the 

solid surface are similar, it is necessary to match the dynamics of the two domain. The fluid-

structure interaction (FSI) problems can be solved using a simultaneous solution or a split 

solution from Rugonyi and Bathe [23]. 

      The aerodynamic loads on the 1/10 scaled solar panel model were investigated 

experimentally and the values were compared with numerical data. Then, all numerical 

parameters are kept constant and analysed in a hurricane scenario with a real-size model. 

According to the World Meteorological Organization, wind velocity of 74 mph (33 m/s) or 

higher are classified as hurricanes, typhoons or tropical cyclones depending on where the storm 

is located. For this reason, the wind velocity was determined as 33 m/s in the numerical study 

for the real-size model. The real-size model was reanalysed at a wind velocity of 33 m/s using 

data from an experimentally validated CFD study. The mesh structure and boundary conditions 

of the structural model were determined separately from the CFD study. Hexadominant mesh 

structure was used as the mesh element. Structural steel, the most used material in solar panel 

farms, was selected as the outer protection and support material. The model was set to be fixed 

to the ground from the support column. In order to simplify the model, other small-scale 

auxiliary equipment on the solar panel was not considered. The pressure data of the CFD were 

interpolated on the panel surfaces. The mesh structure of the panel design is shown in Fig. 5. 
 

  

Figure 5: Mesh structure of the panel design. 

3. RESULT AND DISCUSSION 

In this section, the flow field, the pressure distributions and the aerodynamic loads around the 

panel are presented at different azimuth angles and ground clearance. In addition, the stresses 

on the solar panel due to wind loads were calculated using FSI method. The results of total 

deformation and equivalent Von Mises stresses are also discussed. 

      The flow streamlines with the vorticity magnitudes of the panel with H0 and H6 height for 

the azimuth angles in increments of 30° from 0° to 180° in Figs. 6 a to g, respectively. For the 

model with H6 height and 0° azimuth angle, the high intensity and small-scale vortex were 

observed at the leading and escape edge where the wind hits and leaves the panel, respectively. 

Also, the air under the panel created larger vortices around the support column. The flow 

separated downstream caused a smaller vortex between the leading edge and the support 

column on the bottom surface of the panel due to the wall effects. For the 30° azimuth angle, 

the vortex around the support column were larger in diameter and smaller in intensity than those 

of obtained at 0°. The vortex formation was determined at the escape edge. The small-scale 

local vortices were obtained on the panel edge for the azimuth angles of 60° and 120°, in 

contrast to 0° and 30° angles. The flow patterns on the lower and upper surfaces of the panel 

were similar for 90° azimuthal angle. Since the flow mostly affected the bottom surface of the 

panel, the flow of the leading and escape edge created vortices of two different diameters and 



Yemenici, Oruc: Aerodynamic and Structural Analysis of a Solar Panel 

197 

densities for the 150° azimuthal angle. For the azimuthal angle of 180°, a large-scale vortex 

occurred on the upper surface of the panel from the leading edge to the escape edge, and a 

small-scale high-intensity vortex obtained after the leading edge. The vortices diameters of this 

azimuthal angle were larger than those of the other angles. 
 

  
a) 0° azimuth angle 

b) 30° azimuth angle 

c) 60° azimuth angle 

  
d) 90° azimuth angle 

  
e) 120° azimuth angle 

  
f) 150° azimuth angle 

  
g) 180° azimuth angle 

Figure 6: The contours of vorticity magnitudes of panel with H0 and H6 height for the azimuth angles 

of a) 0°, b) 30°, c) 60°, d) 90°, e) 120°, f) 150° and g) 180°. 
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      For both ground clearances, the stagnation points occurred at the leading edge of the panel, 

and the wind velocity accelerated from the leading to trailing edge. The vortex scales behind 

the panel with the ground clearance of H0 were larger than those of H6 height. The reattachment 

occurred farther away from the panel, due to zero flow behind the panel with H0 height. The 

vortex regions of the panel with H6 ground clearance lost their effects at a shorter distance. 

      The pressure coefficient distributions of panel with H0 and H6 height for the azimuth angles 

from 0° to 180° are shown in Figs. 7 a to g, respectively. For both ground clearances, the CP 

values of the leading edge where the wind first contacted the panel were higher than the values 

of trailing edge where the wind leaves the panel. The CP values decreased from the leading to 

the trailing edge of the panel, and the values also reduced due to the vortices behind the panel. 

The support column caused high CP values because of the flow resistance. The pressure 

coefficient distributions were similar for symmetric angles of 0° and 180°, 30° and 150°, and 

60° and 120° azimuth angles. For the azimuth angle of 90°, the CP values showed almost equal 

distribution for both the upper and lower surfaces of the panel. The maximum CP values 

occurred at the azimuth angle of 180° that the panel was perpendicular to the flow direction, as 

stated by Shademan et al. [24]. 
 

  
a) 0° azimuth angle 

  
b) 30° azimuth angle 

  
c) 60° azimuth angle 

  
d) 90° azimuth angle 
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e) 120° azimuth angle 

  
f) 150° azimuth angle 

  
g) 180° azimuth angle 

Figure 7: The pressure coefficient distributions of panel with H0 and H6 height for the azimuth angles 

of a) 0°, b) 30°, c) 60°, d) 90°, e) 120°, f) 150° and g) 180°. 

      The results showed that the azimuth angles and ground clearance affected the CP 

coefficients. For the same azimuth angles, the CP values of the panel with the H6 height were 

higher than those of H0 values. The average pressure difference between the windward and 

leeward surface of the panel increased with the ground clearance, resulting in higher wind loads 

and stronger eddy shedding, as reported by Mammar et al. [8]. In addition, the flow passed 

through the gap between the ground and the panel more easily due to lower friction effects, less 

blockage, and less interference from the ground. The flow structures at both the leading and 

trailing edges of the panel surface was affected by changes in ground clearance. The lower 

regions close to the leading edge were more sensitive to wind loads and had the maximum 

pressure difference compared to the upper edge, as stated by Abiola-Ogedengbe [25]. 

      In Fig. 8 at different azimuth angles, the experimental and numerical average drag 

coefficient values of the solar panel with H0 and H6 ground clearances reached a maximum at 

0° azimuth angle and decreased to a minimum at 90°. For the H0 panel, the CD value was found 

to be 0.77 at 0° azimuth angle and 0.97 for H6. The CD values increased as the ground clearance 

of the panel increased. Experimental and numerical CD values were similar for both panels with 

a mean error of 3.4 % and 2.05 %, respectively. The coefficient of lift was maximum at 180° 

azimuth angle and minimum at 90°. In panel H6, the CL value was 1.16 at 180° azimuth angle. 

The experimental and numerical CL values gave consistent results with error rates of 3.9 % and 

13.4 %. It was observed that the aerodynamic loads increased as the ground clearance increased. 

 

 H6 

 H0 

 H0  H6 

 H6 

 H0 
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a)  b) 

Figure 8: The numerical and experimental mean; a) drag coefficients, b) lift coefficients. 

      The average overturning moment coefficients of the solar panel in the experimental and 

numerical x (Mx) and y (My) axes for different ground clearances and azimuth angles were 

analysed and the results are given in Fig. 9. The maximum positive and negative Mx values for 

models H6 and H0 were measured as 0.57 and -0.47 at azimuth angles of 30° and 150°, 

respectively. The average error between Mx values is 17.9 % for H0 and 16.4 % for H6. In the 

My axis, the maximum positive and negative values were observed at azimuth angles of 0° and 

180°, with error rates of 10.1 % for H0 and 9.8 % for H6, showing agreement between 

experimental and numerical results. 

 
a)   b) 

Figure 9: The experimental and numerical a) x-axis (Mx) and b) y-axis (My) mean overturning moment 

coefficients. 

      Following the experimental and numerically studies, an FSI study was conducted for the 

1:1 scaled panel model. A hurricane scenario with a wind speed of 33 m/s was created for the 

model with a height of H6 and an azimuth angle of 180°, which the wind load was most 

effective. Fig. 10 shows the total deformation and equivalent Von Mises stresses on the solar 

panel model. Aerodynamic loads and structural stresses on the panel and support column were 

analysed. The stresses were found to be mostly around the connection points and the maximum 

stress was found to be 145.86 MPa in this region. In addition, the highest value of the total 

deformation was 0.5 mm. 
 

   
a)  b) 

Figure 10: a) Total deformation, b) Von Mises stresses on the solar panel. 
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4. CONCLUSION 

Numerical and experimental research was conducted on the flow over the solar panel model 

with the ground clearance of H0 and H6 for the azimuth angle of 0°, 30°, 60°, 90°, 120°, 150° 

and 180°. 

      It was determined that the ground clearance of the panels and the azimuth angles 

significantly changed the flow structure around the panels, accordingly lift, drag and 

overturning moments. The high-intensity and small-scale vortex effects were observed on the 

leading and leeward edge of the panel, while larger-scale vortices formed around the support 

column. The vortex scales decreased, as the azimuth angle increased from 0° to 90°. For 180° 

azimuth angle, a large-scale vortex was obtained on the upper surface of the panel. The larger 

and more intense vortices occurred in the rear region of the panel with H0 ground clearance for 

0° azimuth angle, compared to the panel with H6 ground clearance. The pressure coefficients 

of the panel with the ground clearance of H6 were higher than those of H0 for the same azimuth 

angles. The CP values on the leading edge of the panel were found greater than those of the 

value on the trailing edge. The lower CP values were determined on the bottom surface of the 

panel, while higher values were observed at the centre of the panel. The maximum values of 

CD and CL for both ground clearances occurred at 180° azimuth angle. The highest positive and 

negative Mx values were found to be at 30° and 150° azimuth angles, respectively, while those 

of My values were determined at 0° and 180° azimuth angles. In terms of uplift and drag, 180° 

was the critical azimuth angle, while 30° and 150° were critical wind directions in terms of 

overturning moments. The numerical results of the aerodynamic loads were in good agreement 

with the experimental results for all ground clearances and azimuth angles. 

      The study demonstrated that stress strength of the panels can be determined at different 

wind velocities and loads, and the one-way FSI method provides a safe design at optimum cost 

by determining the effects of aerodynamic loads on the structural geometry of the panels. The 

high stress values were obtained around the connection points and the maximum stress value 

of the total deformation was determined as 0.5 mm. 
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