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ABSTRACT

Scale model wind tunnel testing and numeraicl simulation was used to investigate
the aerodynamic mechanisms for wind loads on a roof-top solar array with a tilt angle of
3°. The solar panel array consists of 30 rows and 20 columns. The research focuses on
the influence of wind pressure on solar array panels, including lateral end plate
arranged at both ends of each row panels and one building obstacle in the middle of
the roof. Wind pressure distributions of solar panels are examined under different wind
directions. The results indicate that the lateral end plate affects the solar array panels in
the local area, and enhances the pressure distribution. And with one building on the
roof the negative pressure of the solar panels significantly increase around the building
areas, but the positive pressure changes are not prominent. And through the numerical
wind tunnel simulation, the flow field including pressure and velocity around the solar
array panel is compared and analyzed. The results reveal that there is a complex
interaction between building generated vortices and the flow induced by the array,
which leads to the pressure distribution on the panel surfaces.

1. INTRODUCTION

Solar energy have been playing an increasingly important role in developing
renewable egergy in recent years. And tilted solar arrays are becoming common on the
roofs of large, industrial, low-rise buildings. There have been many studies of ground-
mount solar arrays, such as the test scale effects to the aerodynamcis of ground-
mouned solar arrys (Aly 2013), wind loading on ground-mounted solar panels at
different flow (Shademan 2014). The aerodynamics of roof-mounted arrays are more
complicated, such as the vortices generatd by flow separations at the roof edges,
turbulence induced by the array and turbulence in the atmospheric boundary layer. The
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effects of array parameters, such as tilt angle, array spacing, panel size, and panel
location, have been studied. And the effects of building parameters, including building
height, building plan dimensions and the existences of local geometric features such as
roof parapet, have also been examined.( Warsido 2014, Wood 2001, Kopp 2013,
Stenabaugh 2015, Cao 2013). The published research results indacte that for low tilt
angle arrays on roofs of low-rise buildings, the pressure equalization palys a significant
role in the aerodynamcis, and the building-generated corner vortices are important for
wind loads on solar arrays.

The objective of this paper is to study the wind loading characteristics on tilted
roof-top solar arrays based on large scale model(1:10) by experimental investigation
and numerical simulation. The solar array is composed of 30 rows and 20 columns of
modules, which mounted south on roof with 30 slope angle. The influence on the
distribution of wind pressure is studied with the lateral end plate arranged at both ends
of each row panels, or one building obstacle in the middle of the roof.

2. EXPERIMENTAL PROCEDURE

2.1 Wind tunnel set-up

The wind tunnel tests were carried out in a closed-loop-type boundary-layer wind
tunnel of Tongji University, China. The tunnel has a cross-section of 15m wide and 2m
high. The lower part of the atmospheric boundary layer was simulated in the wind
tunnel to generate an open upwind exposure. The mean wind speed and turbulence
intensity profiles of the open exposure simulated are shown in Figl(a) and Figl(b)
shows the normalized longitudinal turbulence spectrum which also shows a good
match with the Davenport spectrum.
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Fig 1. (a) Normalized mean wind speed and turbulence intensity, (b)longitudinal
turbulence spectrum at 1m height.

2.2 Solar array models

The smallest unit of solar arrays is called a 'module’, which is 1 meters wide, 1.68
meters long and 6 millimeter thick. The tilt angle is 10° and the distance between rows
is 0.3m. The solar array is composed of 30 rows and 20 columns of modules, which
mounted south on roof with 3° slope angle(Fig 2). As solar panel is relateively small
compared with building, a large model is usually preferred to accurately reproduce the
geometric features of solar array and capture local wind pressure more precisely. So
the geometrical scale of 1/10 was adopted in this paper and the blockage ratio is less
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Fig. 2 Sketch of solar panels mounted on roof

The building is 42 meters long and 37m wide, and the depth is 15m. In order to
reduce the wind tunnel blockage ratio, the depth is reduced to 6m. Jinxin Cao et
al.(2013) conducted although the characteristics of building-generated turbulence may
vary for different building depths, this does not effect the wind loads on solar arrays in
terms of largest negative mean and peak module force coefficients for all wind
directions and all modules. The solar array is typically mounted with the same
setback(2m) from the edge of the roof. Three kinds layouts of the solar arrays are
analyzed. The first array layout is 30 rows and 20 columns, the second layout is the
same(Fig.3a), but with lateral end plate arranged at both ends of each row
panels(Fig.3b), and the third layout considers one building obstacle in the middle of the
roof(Fig.3c). The first and second array layouts have 600 modules and the third array
layout has 520 modules.

Fig. 3 Photographs of model array mounted on the roof. (a) 30*20, (b) with lateral end
plate, (c) one building obstacle.

The total solar array(30*20) is divided into 6 blocks which includes 10 rows and 10
columns. And the pressure taps are located on only one block with topside and
underside of the module(Fig. 4). By moving the block with pressure taps six times, the
wind pressure on whole solar array can be obtained.
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Fig. 4 Sketch of the array layout , wind direction and pressure tap locations.
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Pressure measurements are made at a wind tunnel reference speed of
approximately 12m/s. Testing is repeated for 24 wind angles from 0°(north wind) to
360°, with 15° increments. The pressure measurements are recorded with a pressure

scanner system by frequency of 333 Hz and the sample time is 60s.

3.NUMERICAL METHODOLOGY

Two models are built in CFD simulation, one is solar array 30*20 mounted on the
roof and the other model includes one building in the middle of the roof(Fig 5). In order
to improving mesh quality and reduce the number of meshes, the computational
domain is first divided into multiple regular subdomain(Fig 7a) and then in each regular
subdomain structured meshing is used(Fig 7b). And also different mesh numbers were

adopted to check grid sensitivity, at last about 16 million grids are acceptable.
a b

Fig. 5 Numerical model array mounted on the roof.(a) 30*20, (b) building in the middle
of the roof.
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Iéig. 6 Mesh division, (a) multiple regula? subdomain, (b) structured meshing

Three dimensional simulations are carried out using a steady solver of FLUENT
6.3 and the Realizable k-epsilon turbulence model is employed in this study. The
velocity and turbulence intensity profiles of the inlet are the same with experiment. A



The 2018 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM18)
Songdo Convensia, Incheon, Korea, August 27 - 31, 2018

second order numerical scheme is chosen for the discretizaiton of gradient and
divergence.

4. RESULTS AND DISCUSSION

4.1 Definitions of pressure coefficients
The wind pressure coefficients on the upper and lower surfaces of the solar panels,

denoted as C, and C,, are defined as:

p
C ——Tu _ 1
" = 172507 1)
Y
C,=—=r— 2
P1/2pU7 @)

where p, and p, are wind pressure acting on the upper and lower surfaces, p is air
density, and U, is mean wind speed at solar pannel height.
The net pressure coefficient C is defined as:

C,, =C, -C, @)

4.2 Slope angle
The roof has a 3 degree slope. Pressure coefficients distribution is shown in Fig. 7
for wind direction of 0°( from north to south ). The distribution of wind pressure on the
upper and lower surfaces is consistent. Only about 3 rows of solar panels with the
upper and lower surfaces in the windward area exhibit strong negative pressure. And
also the negative pressure of the lower surface is stronger than the upper surface, so
these rows of panels show no strong positive net pressure. The pressure of the solar
panels in the rear row is rapidly weakening. The pressure on the upper surface is a bit
stronger than the lower surface, so the net pressure of these panels changes to be
insignificant negative. The net pressure gradually changes from the positive pressure in
the windward area to the negative pressure in the leeward area.
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Fig. 7 Contour map of pressure coefficients distribution,wind direction of 0°,(a) net, (b)
upper, (c) lower.
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Pressure coefficients distribution is shown in Fig. 8 for wind direction of 180°( from
sorth to nouth ), which is opposite to the distribution at 0° wind direciton. Almost all the
pressure of the upper surface is stronger than the lower surface, so all the net pressure
IS positive. The net pressure gradually increased from the windward area to the
leeward area.
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Fig. 8 Contour map of pressure coefficients distribution,wind direction of 180°,(a) net, (b)
upper, (c) lower.

Relative to the wind direction of 0°, when the wind direction is 180°, the wind forms
a greater wind speed after passing through the roof, the vortex intensity formed behind
the roof is also stronger and has a wider range(Fig 9). Therefore, the upper and lower
surfaces of the solar panel generate a greater negative pressure.

Fig. 9 Contour plot of velocity along the center of solar arrays, (a) 0°, (b) 180°

The mean and STD values of pressure coefficients along the centerline of solar
array with each rows are shown in Fig. 10 and Fig. 11 for wind directions 0° and 180°.
For wind directions 0°(Fig. 10a), the distribution of pressure coefficients on the upper
and lower surfaces is almost the same along the centerline of solar array and the
pressure cancel each other, so the net pressure is smaller negative. But for wind
directions 180°(Fig. 10b), the negative pressure on the lower surface is stronger than
on the upper surface, so the net pressure is positive. For wind directions 0°(Fig. 11a),
the distribution of STD pressure coefficients on the upper and lower surfaces is almost
the same and the STD net pressure is smaller. But for wind directions 180°(Fig. 11b),
the STD pressure coefficients on the upper surface is much greater than on the lower
surface, and the STD net pressure is almost the same with the upper surface.
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Fig. 11 STD pressure coefficients along the centerline of solar array,(a) 0°, (b) 180°

4.3 Wind direction

Net pressure coefficients distribution under different wind direction angles(0°~180°)
is shown in Fig. 12. When the wind direction changes from 0° to 90°, the solar panels in
the leeward area are subjected to greater negative pressure. However, when the wind
direction changes from 90° to 180°, the solar panels in the leeward area are subjected
to greater positive pressure.
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Fig. 12 Net pressure cbefficients di.stribution under different wind direction
angles(0°~180°)

Statistics the number of pressure coefficients which is the maximum or minimum
for all wind directions. With each wind direction, divided the number of maximum or
minimum pressure coefficients by the total number of pressure, the wind rose of
extreme pressure coefficient can be obtained(Fig. 13). For the wind pressure coefficient
minimum, the wind direction is almost at 30° and 330°. And for the wind pressure
coefficient maximum, the wind direction is mainly at 150° and 210°, but the 135°, 165°,
195°, and 225° are also major. Under the action of oblique wind, the wind speed on the
upper and lower surfaces of the solar panels is significantly larger, and the wind
pressure is also stronger(Fig. 14).
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Fig. 13 Wind direction statistics of max and min pressure coefficients of solar array with
30*20
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I
Fig. 14 Contour plot of velocity along the center of solar arrays, (a) 0°, (b) 30°(c) 150°,
(d) 180°

4.4 Layouts of the solar arrays

Three kinds layouts of the solar arrays are analyzed, the first is 30 rows and 20
columns, the second is with lateral end plate arranged at both ends of each row panels,
and the third has one building obstacle in the middle of the roof. The max and min net
pressure coefficients distribution is shown in Fig.15 and Fig. 16. In three kinks layouts,
the northern panels show stronger positive pressure and weaker negative pressure,
while the southern panels have the opposite effect. With lateral end plate arranged at
both ends of each row panels, the positive and negative pressure has been significantly
enhanced on the east and west sides(Fig. 15b, Fig. 16b). The presence of building
obstacle also strengthens the area of strong positive pressure zones (Fig. 15c) and
enhances the negative pressure distribution in the surrounding area(Fig. 16c).
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Fig. 15 Max net pressure coefficients distribution, (a) 30*20, (b) with lateral end plate, (c)
one building obstacle.
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Fig. 16 Min net pressure coefficients distribution, (a) 30*20, I(b) with lateral end plate, (c)
one building obstacle.

The max STD net pressure coefficients distribution is shown in Fig.17, which is
relatively stronger around the roof, and is significantly weakened in the middle of the
roof. With lateral end plate arranged at both ends of each row panels, the distribution
has no significant change (Fig. 17b), but with the presence of building obstacle, the
distribution significantly enhanced around the building (Fig. 17c). The wind rose of
extreme pressure coefficient of three kinds layouts is shown in Fig.18. With lateral end
plate arranged at both ends of each row panels, for the wind pressure coefficient
minimum, the wind direction is also almost at 30° and 330°. And for the wind pressure
coefficient maximum, the wind direction is almost at 150° and 210°(Fig. 18h). With the
presence of building obstacle, for the wind pressure coefficient minimum, the wind
direction is major at 30°, 45°, 315° and 330°. And for the wind pressure coefficient
maximum, the wind direction is mainly from 135° to 225°(Fig. 18c). With one building
obstacle on the roof, under the action of oblique wind, the wind speed around the solar
panels is significantly larger, and the wind pressure is also stronger(Fig. 19). At the
same time, more turbulence is also generated when the airflow passes through the
obstacle, so that the wind pressure of the solar panels near the area is significantly
enhanced.
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Fig. 17 Max STD net pressure coefficients distribution, (a) 30*20, (b) with lateral end
plate, (c) one building obstacle.
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Fig. 18 Wind direction statistics of max and min pressure coefficients, (a) 30*20, (b)
with lateral end plate, (c) one building obstacle.

Fig. 19 Contour plot of velocity along the center of solar arrays with a build obstacle, (a)
0°, (b) 45°, (c) 135°, (d) 180°
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5. CONCLUSIONS

This paper presents experimental investigation and numerical simulation of wind
loading characteristics on tilted roof-top solar arrays based on large scale model. The
main contributions of the study are summarized as follows:

(1) The distribution of wind pressure on tilted roof-top solar panels array clearly
shows that the pressure on panels around the roof edges is significantly stronger than
in the middle of the roof.

(2) The extreme wind pressure on solar panel is mainly determined by oblique
wind. The wind direction of maximum negative pressure mainly corresponds to 30° and
330°, however the wind direction of maximum positive pressure mainly corresponds to
150° and 210°. Under the action of obliqgue wind, the wind speed around the solar
panels is significantly larger, and the wind pressure is also stronger

(3) The wind pressure on solar panel around the lateral end plate arranged at both
ends of each row panels will be significantly enhanced, however, this influence area is
limited

(4) The wind pressure on solar panel around the building obstacle in the middle of
the roof will also be significantly enhanced. More turbulence is also generated when the
airflow passes through the obstacle, so that the wind pressure of the solar panels near
the area is significantly enhanced.
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