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ABSTRACT 
 

     Aerodynamic testing of small structures like ground-mounted photo-voltaic (PV) 
solar panels are typically carried out at scales larger than those used in boundary-layer 
wind tunnels. This is to alleviate potential technical problems, especially those related 
to pressure resolution, interference effects from measuring instruments and falls in the 
uncertain flow regimes close to the tunnel floor. The current paper presents 
computational fluid dynamics (CFD) and experimental investigations on ground-
mounted solar panels with an aim to understand the model scale effects on the 
pressure distribution. The results show that mean pressure coefficients are not 
significantly affected by the model size while peak pressures are alerted by both the 
geometric model scale and the inflow turbulence. There is an excellent agreement 
between the CFD and the experimental results when the boundary conditions were the 
same (CFD simulations in a virtual wind tunnel). However, peak pressure coefficients 
derived from experimental testing (for a wide range of scales) are consistently low 
compared to peak pressure coefficients generated using proper inflow with large eddy 
simulations (LES). This may be attributed to the lack of large eddies in the wind tunnel. 
The emerging full-scale wind testing facilities could clarify these ambiguities in the 
future.   
 
1. INTRODUCTION 

Complimentary to the wind tunnel studies (Kopp et al., 2002, 2012a, 2012b; Aly and 
Bitsuamlak 2012, 2013), a limited computational fluid dynamics (CFD) studies on wind 
loads for the solar panels are reported in the literature. Shademan and Hangan (2009) 
carried out CFD simulations to estimate the wind loads on stand-alone and arrayed 
solar panels. They observed that at a specific distance between two sets of panels the 
drag coefficient for the downstream panels reaches a minimum. Bitsuamlak et al. 
(2010) carried out full-scale testing and CFD simulations on stand-alone solar panels. 
The results showed similar patterns of pressure coefficient distribution when compared 
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to full-scale measurements, but the magnitude of the pressure coefficients was 
generally underestimated by the numerical calculations when compared to the 
experimental results. Aly and Bitsuamlak (2013) presented wind tunnel test data along 
with CFD simulation results on ground-mounted solar panels at different scales and 
under different wind flow characteristics. They concluded that the mean wind loads on 
the solar panels obtained by CFD simulations are in a good agreement with the wind 
tunnel results at different length scales.  

 

Fig. 1 3D geometric model of the wind tunnel used in the current study: dimensions are 
26 m length, 2.4 m width and an average height ranging from 1.55 m (at spires) to 2.15 
m (at the turn table). This model is used to create the computational domain used for 

the CFD simulations 

  

 

Fig. 2 Computational domain 

Meroney and Neff (2010) presented the results of a hybrid numerical and physical 
model program to predict wind loads on photo-voltaic (PV) collector arrays. The hybrid 
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numerical and physical model was developed to perform rapid and cost-effective 
comparisons of alternate PV design configurations. Some of the advantages of the 
CFD simulations include generation of continuous wind load information over the 
structural elements as well as whole-flow field at the possibility of executing full-scale 
simulation studies without geometric scale constraints. However, one main shortcoming 
of a CFD based approach is being computationally costly to predict peak loads on 
structures under turbulent flows. When relatively accurate turbulence model like Large 
Eddy Simulations (LES) is incorporated into the numerical modeling at high Reynolds 
number, the CFD simulation requires a very high performance computing capabilities. 
This coupled with the costly commercial CFD license for parallel computing is limiting 
CFD for design wind load evaluation in practice. Wind tunnel experiments still remain 
an economic choice compared to CFD simulations, for wind load applications. 
However, concurrent CFD studies provide additional opportunities to explain/augment 
wind tunnel studies. 

 

Fig. 3 Three different grid sizes were used: (a) coarse, (b) medium and (c) fine. 
 

CFD studies require experimental validation as the error of the computational 
analysis can be defined with a reference to a full-scale or a wind tunnel-study. Due to 
scarcity of full-scale data, CFD studies carried out on full-scale objects are usually 
validated by small-scale wind tunnel studies. Resulting in potential issues related to the 
boundary conditions and geometric scales which might not be consistent between the 
wind tunnel and CFD studies. To limit some of these variations, in the present study, a 
virtual boundary layer wind tunnel is modeled using CFD exactly simulating all of the 
floor roughness elements incorporated with the test model. This allows for an “apple to 
apple” comparison between the CFD and the experimental results. Accordingly the 
whole wind tunnel of Western Engineering (Tunnel 1) is computationally modeled in a 
CFD environment. Different scales of ground mounted solar panels are modeled 
experimentally to assess scale effects. The CFD study included full-scale model that 

(a) (b) (c)  



was not possible to study experimentally. Comparisons between the two types of 
results along with a recommendation on the most appropriate scales for testing the 
ground-mounted solar panels are provided.  
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Fig. 4 Simulated CFD wind speed profiles and comparison with measured BLWT profile 
for the open country terrain used in the current study 

2. METHODOLOGY 
The whole wind tunnel at Western Engineering (Tunnel 1 as shown in Fig. 1) is 

geometrically modeled with a scale of 1:1; all the roughness features physically exist in 
the tunnel were modeled and presented in a virtual wind tunnel which also represents 
the computational domain for the CFD simulations (see Fig. 2). The roughness features 
including spires and ground blocks were presented in the computational domain to 
simulate an open country atmospheric boundary layer, proposed for testing the ground-
mounted solar panels. The virtual tunnel has a length of approximately 26 meters, a 
width of 2.4 m and a varying height from the inlet to the exit (1.55m to 2.15 m). Different 
scales of a ground mounted solar panel were introduced on the turntable of the virtual 
tunnel for CFD simulations (Fig. 3). The scales used in the virtual tunnel are 1:50, 1:20 
and 1:10. An additional 3-D computational domain (CD) following AIJ (Tominaga et al., 
2008), and COST (Franke et al., 2007) guidelines was also considered to allow CFD 
simulations on a solar panel with scale 1:1. Top boundary was set at 7.5H (H is the 
maximum height of the full-scale ground mounted solar panel). Lateral boundaries were 
set at a distance of 3.3W (W is the cross wind dimension of the solar panel). This gives 
a blockage ratio of 1.75% which is less than the 3% mentioned in Franke et al. (2007). 
The inflow profile was set at a distance of 6.8H and the outflow boundary at 13.6H 
downstream of the panel to permit wake flow redevelopment. The solar panel at full-
scale is similar to a rectangular plate with 1.336 m × 9.144 m and a thickness of 0.11 m. 
The arrangements of the modules are: tilt angle (α) of 40o and leg height (Hleg) of 24 
inches (0.61 m) at full-scale. The geometry modeled in AutoCAD was exported to 



SolidWorks (to create surfaces and to examine the geometry, i.e., to ensure that the ‘air 
tightness’ is achieved) which have been exported as an IGES file to be read by 
meshing software (ICEM CFD provided by ANSYS). With ICEM CFD, the mesh has 
been created and exported as unstructured mesh (.msh) file that can be read by 
FLUENT which was used as a solver as well as for post processing. To allow for a grid 
independency study, the computational domain and the domain immediately around 
the solar panel was modeled with different grid sizes (coarse, medium and fine) as 
shown in Figure 3. A high performance computational facility at SHARCNET (Shared 
Hierarchical Academic Research Computing Network, www.sharcnet.ca) was used. 

 
2.1 Mean wind loads 
Mean wind loads on three different scaled models (1:50, 1:20 and 1:10) of ground-

mounted solar panels are obtained by running CFD simulations in the virtual wind 
tunnel. In addition, mean wind loads on a panel scaled 1:1 are obtained using the 3-D 
CD described earlier. The solver used is the Reynolds Stress Model (RSM). In RSM, 
the eddy viscosity approach has been discarded and the individual Reynolds stresses 
are directly computed, using differential transport equations. The individual Reynolds 
stresses are then used to obtain closure of the Reynolds-averaged momentum 
equation. 

 

Fig. 5 Centerline going around the upper and lower surfaces for a solar panel placed in 
a wind flow 

 
2.2 Peak wind loads 
In order to capture the peak wind loads on the solar panels, the Large Eddy 

Simulation (LES) turbulence model was used. LES for two different scales (i.e. 1:1 and 
1:10) were conducted. For peak loads on a solar panel scaled 1:1, the transient inflow 
wind was essential.  The approach requires a generated inflow that simulates the 
natural wind with both time and space correlations. The method discussed in Davidson 
(2007, 2008) is followed to generate the inflow characteristics in a time history. Once 
the input wind is defined, the generated time series are introduced to FLUENT through 
a user defined function that permits reading the input wind velocity corresponding to 
each time step. To reduce the time and resource required for the simulation, the steady 
state RSM turbulence modeling approach was adapted to obtain initial conditions for 
use by the more reliable LES technique. LES of the whole wind tunnel was conducted 
for a solar panel scaled at 1:10. This scaled CFD simulation required a uniform flow 
input at the inlet of the virtual wind tunnel. 
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Fig. 6 Grid independency study: mean pressure coefficients on a centerline going 
around the upper and lower surfaces (see Fig. 5) for solar panels at different geometric 

scales: (a) 1:50, (b) 1:20, (c) 1:10 and (d) 1:1 scales. 
 

Table 1 Four different cases with three grid sizes (coarse, medium and fine) were 
used for the CFD simulations 

Case  Scale  Grid  No. of grid cells 
 

Grid spacing range, (mm)  Wall y+ 

Fc  1:1  Coarse  1 116 500 [50, 200] 1500 
Fm  1:1  Medium  5 893 020 [12.5, 50] 750 
Ff  1:1  Fine 21 742 184 [6.25, 25] 75 
Lc  1:10  Coarse  6 420 583 [5, 20] 95 
Lm  1:10  Medium  11 949 351 [1.25, 5] 17.5 
Lf  1:10  Fine 18 456 191 [0.625, 2.5] 11.5 
Mc  1:20  Coarse  6 567 105 [2.5, 10] 50 
Mm  1:20  Medium  12 819 377 [0.625, 2.5] 12 
Mf  1:20  Fine 20 143 104 [0.3125, 1.25] 3.75 
Sc  1:50  Coarse  11 750 996 [1, 4] 20 
Sm  1:50  Medium  21 221 374 [0.25, 1] 2.25 
Sf  1:50  Fine 25 984 381 [0.125, 0.5] 1.5 

Note: Grid spacing range refers to minimum and maximum cell sizes on the surfaces of the 
solar panels. The ‘Wall y+’ represents an average of the y+ values on the upper surfaces of the 
panels. 

 
3. RESULTS 

3.1 Mean wind loads 
Fig. 4 shows simulated CFD wind speed profile and comparison with measured 

boundary layer wind tunnel (BLWT) profile for an open country terrain used in the 
current study. The CFD mean velocity profiles (for the whole wind tunnel simulation 



case) at the entrance to the test model are matching the data obtained from the 
experiment. The turbulence is well represented in the virtual wind tunnel as well; this is 
attributed to realistic representation of the roughness elements using a fine grid. 

Fig. 5 and Fig. 6-(a) shows mean pressure coefficients on a centerline going around 
the upper and lower surfaces of a solar panel scaled 1:50. Three different types of grid 
were used: coarse, medium and fine (see Table 1 for more details). The medium and 
fine grids show similar result which confirms the grid independency. Fig. 6-(b) shows 
mean pressure coefficients on a centerline going around the upper and lower surfaces 
of a solar panel scaled 1:20 and presented on the test table of the virtual win tunnel. 
Again, three different types of grid were used: coarse, medium and fine. The results 
show that the mesh used has converged for the coarse, medium and fine grids. 
Similarly Fig. 6-(c) and (d) shows mean pressure coefficients on a centerline going 
around the upper and lower surfaces of a solar panel scaled 1:10 and 1:1, respectively. 
Similar results were obtained for the medium and the fine grids. 

Contour plots of net mean pressure coefficients for a 1:10 solar panel modeled 
computationally and experimentally are presented in Fig. 7 and Fig. 8, respectively. The 
figures show that the mean net pressure distribution obtained by the CFD simulations is 
very similar to that obtained experimentally. This attests that CFD simulations can be 
used for estimation of mean pressures on the solar panels when an accurate 
turbulence model like the RSM is used. Similar to the results obtained experimentally in 
Aly and Bitsuamlak (2012, 2013), the mean pressure distribution is not a dependent of 
the model size (see Fig. 9). Fig. 9 shows that the mean pressure distribution on a full-
scale solar panel obtained by the CFD simulations is very similar to the mean pressure 
distribution obtained both computational and experimentally on a 1:10 model (see Fig. 
7 and Fig. 8).
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Fig. 7 CFD mean net pressure coefficients’ (Cpmean) distribution over a solar panel 
modeled with a scale 1:10; the arrow shows wind direction. Yref and Xref are width and 

length of the panel, respectively 
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Fig. 8 Experimentally obtained mean net pressure coefficients’ (Cpmean) distribution 
over a solar panel modeled at 1:10; the arrow shows wind direction. Yref and Xref are 

width and length of the panel, respectively 
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Fig. 9 CFD mean net pressure coefficients’ (Cpmean) distribution over a solar panel 
modeled with a scale 1:1; the arrow shows wind direction. Yref and Xref are width and 

length of the panel, respectively 
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Fig. 10 Mean pressure coefficients on a centerline going around the upper and lower 
surfaces (Fig. 5) for a full-scale solar panel (CFD) with physical BLWT model scale 

results 

Fig. 10 shows mean pressure coefficients for a full-scale solar panel modeled 
computationally along with experimental results on scaled models. It was not possible 
to test the full-scale panel in the virtual tunnel as the size does not allow for that. 
However, a 3-D CD was used and the wind speed was modeled at the entrance 
boundary to represent a typical open country profile. There is no experimental data 
available for the full-scale panel; however the BLWT data obtained for models scaled 
1:50, 1:20 and 1:10 are presented for comparisons. It is also shown that the CFD 
results are very well matching with the results obtained experimentally. In addition, the 
results show agreement between mean pressures at different scales, which indicates 
the less sensitivity for scale distortion. Hence, the possibility of testing the solar panels 
in physical wind tunnels at relatively large scales when the objective is to estimate 
mean pressure values. This may lead to confidence in the measured mean wind loads 
as well as better resolution of the pressure measurements. At the same time, small 
scale CFD models will have lower y+ compared to full-scale models, which permits the 
reduction of the number of cells in the mesh. This is especially useful when a 
computationally expensive turbulence model like LES is used. 

3.1 Peak wind loads 
 

Fig. 11 shows the spectral characteristics of the wind flow generated as an inlet 
velocity boundary condition for both scaled and full-scale CFD studies. The approach 
discussed in Davidson (2007, 2008) to generate flow fluctuations from a target 
spectrum was followed. Two types of wind profiles were synthesized: the first flow 



(represented as ‘Gen. WT’ in the figure) was generated using the characteristics of the 
wind flow in the physical wind tunnel and is used for CFD simulations on scaled models. 
The second flow (represented as ‘Gen. F/S’ in the figure) was created using the 
characteristics of the flow in nature and was used for full-scale CFD simulations. It is 
shown that the wind tunnel is missing the low-frequency turbulence (i.e., missing the 
large eddies required for testing, for instance, a 1:10 model). 

Fig. 13 shows peak pressure coefficients obtained by CFD simulations on a 1:1 
model. The peak pressure coefficients derived from the BLWT testing (for a wide range 
of scales) are consistently lower compared to the LES generated peak pressure 
coefficients (for the full-scale model). This may be attributed to the lack of large eddies 
in the physical wind tunnel or limitations of the numerical model adopted. With regard to 
the latter, further investigations are underway to pin down the reasons for these 
discrepancies, focusing on LES model types, grid resolution, number of iterations per 
time step, simulation period length, effects of inflow turbulence, etc. In addition, the 
peak pressures research on small scale models using the CFD is in progress. Fig. 13 
shows CFD time histories of obtained pressures on models scaled 1:1 and 1:10 (1:10 
scale was tested in virtual wind tunnel, see Fig. 1)  

 

Fig. 11 Spectra of the input wind flows generated for the CFD simulations. The first 
flow (Gen. WT) was generated using the characteristics of the wind flow in the physical 
wind tunnel and is used for CFD simulations on scaled models. The second flow (Gen. 
F/S) was generated using the characteristics of the flow in nature and is used for full-
scale CFD simulations 

 

 

 



 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
−6

−4

−2

0

2

4

6

C
p pe

ak

WT 1:50
WT 1:20
WT 1:10
CFD 1:1
CFD 1:10

 

Fig. 12 Peak pressure coefficients on a centerline going around the upper and lower 
surfaces of a 1:1 scale solar panel (CFD) with BLWT model scale results 
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Fig. 13 CFD time histories for two taps located on: (a) upper and (b) lower surfaces 
for 1:1 model; and (c) upper and (d) lower surfaces for 1:10 model in a virtual wind 
tunnel (see Fig. 1) 



 
 

4. DISCUSSION 
The use of the virtual wind tunnel in the current study has the following advantages: 
 There is no need for an inflow that is depicting a real boundary layer wind profile. 

A uniform input to the virtual wind tunnel is very similar to the real situation in a 
physical wind tunnel.

 The virtual wind tunnel is more realistic with respect to simulating a control 
volume of the atmosphere surrounding a real structure. This is because there is 
a possibility of unrealistic results if the computational region is expanded without 
representation of exposure effects (Yoshie et al., 2006). However, small 
computational region causes blockage and unrealistic inflow velocity profile.

 The proposed approach has very similar boundary conditions to the scenario in 
a physical wind tunnel. This permits apple to apple comparison which makes the 
CFD concern is basically the grid size and the turbulence model (the solver). 
The success of the CFD in the current study has a message with the meaning 
that, CFD simulations are potential for wind engineering of civil structures, 
provided that the boundary conditions and the surrounding objects are properly 
simulated. This help focus future research on the creation of proper boundary 
conditions for the CFD simulations, according to the true physics involved the 
study.

 The created virtual wind tunnel can be used for testing several wind engineering 
problems, the same way as physical boundary layer wind tunnels are used.

However, the disadvantage of this approach is the increased requirements for time 
and computational resources. This may make the use of inflow that is statistically 
generated as an input for a smaller computational domain more preferred, especially 
for transient simulations for the purpose of peak pressure estimations. 

 
5. CONCLUSIONS 
This paper presents a CFD investigation on ground-mounted solar panels with an aim 
to understand the model scale effects on the pressure distribution. The mean pressure 
coefficients are not significantly affected by the model size while peak pressures are 
alerted by both the geometric model scale and the inflow characteristics. Regarding 
mean pressure coefficients, there is an excellent agreement between the CFD 
simulations and the experimental results. The LES results on a model tested in a virtual 
boundary-layer wind tunnel are very similar to those obtained in a physical wind tunnel, 
regarding both mean and peak pressures. This indicates the capability of CFD 
turbulence models like the LES to capture both mean and peak pressure fluctuations. 
However, peak pressure coefficients derived from the BLWT testing (for a wide range 
of scales) are consistently lower compared to the LES generated peak pressure 
coefficients (for the full-scale model with proper inflow turbulence). This may be 
attributed to the lack of large eddies in the physical wind tunnel. The emerging full-scale 
wind testing facilities could clarify these ambiguities in the future.   
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