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Experimental Investigation of the Wind Loading on Solar
Panels: Effects of Clearance off Flat Roofs

Hatem Alrawashdeh, A.M.ASCE"; and Ted Stathopoulos, F.ASCE?

Abstract: The paper presents the results of a comprehensive wind tunnel study dedicated to addressing the effects of the underneath array
clearance on wind loading of roof-mounted solar panels. Indeed, the array clearance has a crucial influence in many respects ranging from its
consideration in the wind tunnel modeling to its impact on structural safety. A set of atmospheric wind tunnel experiments was carried out on
three configurations of a multipanel solar array mounted on a flat roof immersed in a simulated atmospheric flow of open-country exposure.
The solar array was placed at three clearance heights above the roof, namely, 0, 20, and 40 cm (in full scale). Wind tunnel measurements of the
mean and peak pressures on both bottom and top surfaces of the solar panels as well as of net pressures across the panels were carried out. The
results show that the impact of the underneath array clearance on the panel wind-induced pressures depends highly on the wind direction and
the location of the panel within the array. Generally, the wind-induced pressures on solar panels when lowering the array clearance become
quite severe and may peel off the panels from the supporting racking system; on the other hand, at such clearance installation, the panels are
subjected to lower downward net pressure. Furthermore, the study highlights the potential uncertainties in the wind tunnel experimental
results that could be deemed as actual design loadings when the underneath clearance is of concern. This has important ramifications
on the formulation of design provisions to be used by solar panel professionals. DOI: 10.1061/ JSENDH/STENG-10957. © 2022 American

Society of Civil Engineers.

Author keywords: Codes and standards; Air clearance; Solar panels; Wind pressures; Wind tunnel.

Introduction

Renewable energy projects have become very popular worldwide
in recent decades in response to the calls for a sustainable future.
Solar technology and energy have significant contributions to
achieving sustainable energy development of safe, clean, and con-
stantly replenished resources. Utility-scale solar photovoltaic (PV)
projects, along with commercial and residential installations, expe-
rience rapid growth. Clearly, efforts to promote such installations
encompass the safety and operation of their structures against sev-
eral environmental impacts, primarily wind-induced pressures.
Since the turn of the century, a growing number of studies have
been undertaken to identify and assess the impact of geometric
parameters on wind-induced pressures on roof-mounted solar
panels, including building shape and size, panel location on the
roof, panel size, panel tilt, interpanel spacing, and wind deflectors.
However, several research questions about issues such as the effect
of the underneath array air gap on the wind loading on the panels
have not yet been answered. This air gap, also referred to as under-
neath array clearance off the roof, is necessary for natural cooling
by convection on the bottom surface of PV modules to maintain
better electrical generation efficiency. Thus, mounting the solar
array at a higher clearance off the roof is a legitimate requirement
to increase the ventilation, and hence to improve the fire resistance

'Ph.D. Candidate, Dept. of Building, Civil and Environmental Engi-
neering, Concordia Univ., Montreal, QC, Canada (corresponding author).
ORCID: https://orcid.org/0000-0002-9802-3213. Email: h_alraw@encs
.concordia.ca

%Professor, Dept. of Building, Civil and Environmental Engineering,
Concordia Univ., Montreal, QC, Canada. Email: statho @bcee.concordia.ca

Note. This manuscript was submitted on September 30, 2021; approved
on August 8, 2022 NSO, Discussion period open until 0, 0;
separate discussions must be submitted for individual papers. This paper
is part of the Journal of Structural Engineering, © ASCE, ISSN
0733-9445.

© ASCE

of the PV modules and the roof. Furthermore, installing the solar
array at higher clearance may have advantages in regions exposed
to high snow, notably by placing the array further from the snow
built up on the roof and by providing more flexibility for cleaning
the snow accumulated on the roof. Changing the array clearance
may, however, result in disturbing the wind loadings induced on the
PV modules or the racking system.

In the literature, some studies of wind loadings on solar panels
tended to disregard the array clearance in their wind tunnel model-
ing due to the limitations on the wind tunnel model scale, either by
placing the solar array directly on the roof or, indiscriminately, at a
certain possible clearance above the roof just to consider the airflow
underneath the array. On the other hand, some studies have dealt
with the array clearance of solar panels mounted parallel to sloped
roofs or tilted on flat roofs. As indicated in Table 1, which provides
a summary of the geometric parameters of these studies, most fo-
cused on solar panels mounted on sloped roofs (Stenabaugh et al.
2010, 2015; Ginger et al. 2011; Geurts and Blackmore 2013; Leitch
et al. 2016; Naeiji et al. 2017), because particularly for such instal-
lation the array clearance plays a significant role in the equalization
of the pressures induced on the panel surfaces.

In comparison, limited studies have touched on the influence
of the array clearance on wind loading of solar panels tilted on
flat roofs. Kopp (2014) examined experimentally the effect of the
clearance on the extreme area-averaged force coefficients, i.e., the
most critical coefficient values enveloped from all wind directions.
In this investigation, the solar array was placed at three heights
above the roof (9, 41, and 102 cm, in full scale) at two tilt angles
5° and 20°. It was found that the array clearance has a minimum
impact on the pressure envelope curves for the configurations con-
sidered, except for the largest clearance (102 cm) and the lowest
tilt (5°), at which a considerable increase in the envelope curves of
the negative area-averaged force coefficients was observed in the
range of 1.3 to 1.6. Naeiji et al. (2017) examined the extreme force
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Table 1. Studies touching on the clearance effect

T1:2
TI:1
T1:3
T1:4
T1:5
T1:6
T1:7
T1:8
T1:9

T1:12
T1:13

T1:18

T1:21
T1:22
T1:23

T1:24
T1:25

T1:27
T1:28
T1:29
T1:30
T1:31

76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

Building geometry Panel geometry

Roof Chord

Min Height, Length, Width, slope, length, Width, Tilt, Underneath

Installation Reference Exposure Scale Rex10° H L w 0g Lp Wp 0 clearance, G
Flushed on  Stenabaugh Open 1:20 33 7.8 15.0 10.0 30.0 1.5 0.5 30 0.04
sloped roof et al. (2010) z, =0.01 m 8.4 123 45.0 45 0.08
Ginger et al. Open 1:20 — 3.0 21.0 10.0 7.5 1.7 1.0 7.5 0.10
2011) 34 15.0 34 15.0 0.20

3.7 22.5 22.5
Geurts and Open 1:100 — 8.6 — — 42.0 1.5 1.0 — 0.03
Blackmore Z, =0.03 m 0.05
(2013) 0.10
0.20
Stenabaugh Open 1:20 3.0 6.0 15.0 12.3 30.0 1.5 0.5 30 0.00
etal. (2015) z,=0.01m 7.5 0.02
0.04
0.08
0.14
0.20
Leitch et al. Suburban 1:20 — 2.7 21.0 10.0 7.5 7.0 1.7 7.5 0.10
(2016) 15.0 15.0 0.20
22.5 22.5
Naeiji et al. Suburban 1:6 (WoW) 0.83 6.5 13.7 9.1  Gable 14.0 2.0 1.0 140 0.30
(2017) a=0.18 10.6 Hip 14.0 0.45
z, =0.20
Tilted on Kopp (2014) Open 1:30 1.9 7.3 27.1 22.5 0 1.0 20 5 0.09
flat roof Z, =0.03 m 20 0.41
1.02
Naeiji et al. Suburban 1:6 (WoW) 0.83 6.6 13.7 9.1 0 2.0 1.0 20 0.30
(2017) a=0.18 10.6 30 0.45
Z, =020 m 40

Wang et al. Open 1:50 (CFD) — 20 26.0 26.3 0 2.0 21.0 15 0.30
(2020b) a=0.0l m 0.60

Note: All dimensions are in full scale, in meters and degrees.

coefficients averaged over the module area for array at two heights
above the roof, namely, 30 and 45 cm, by using large-scale models
(1:6) and found that the results show minor differences with the
array air clearance.

A recent computational study using large eddy simulation
(LES) by Wang et al. (2020b) also dealt with the array clearance
effect. The study focused on the variation of the surface pressure
coefficients at oblique wind directions, including 45° and 135°,
at three different clearances above the roof (0, 30, and 60 cm).
It was found that the gap size has a slight impact on the mean
pressure coefficients on the top surface of the solar panels but a
significant impact on the respective values induced on the bottom
surface. In particular, the local suction on the bottom surface of
the windward corner modules increases by a factor up to 2.0 in the
presence of clearance.

Clearly, the previous studies of solar panels placed tilted on flat
roofs provided only circumstantial and contradictory evidence for
the importance of underneath array clearance effects. Indeed, the
impact of the clearance on the wind loads on solar panels mounted
tilted on flat roofs has not yet been comprehensively studied and the
aerodynamic potential consequences of the array clearance have
not been well understood. In addition, the current national wind
codes and standards commonly used in professional practice, such
as the North American wind codes and standards (NRCC 2015;
SEAOC 2017; ASCE 2022) and the Japanese industrial standard
(Japanese Standards Association 2017), do not address the impact
of array clearance on wind loading.

© ASCE

Therefore, the question of the array clearance implications on
wind loading of tilted solar panels on flat roofs became the in-
centive for conducting the present experimental study with the
objective to thoroughly examine the dependence of wind-induced
pressure on the underneath array clearance from aerodynamic and
design perspectives. Furthermore, the current research strategy
seeks to investigate how critical it is to preserve the solar panel
clearance against any blockage introduced during the solar panel
modeling in the wind tunnel by pressure taps tubing, depending on
the details of the experimental methodology.

Methodology

Three sets of experiments were conducted in the atmospheric boun-
dary layer wind tunnel of Concordia University. The blow-down
tunnel is of the open-circuit type with a working section 1.80 m
in width and 12.2 m in length, and has adjustable roof height in
the range of 1.40 to 1.80 m. The tunnel is fitted with a turntable
of 1.60-m diameter to enable the examination of different wind
directions. This wind tunnel has been used for many codification-
oriented studies, such as Stathopoulos and Dumitrescu-Brulotte
(1989), Stathopoulos and Mohammadian (1991), Saathoff and
Stathopoulos (1992), Stathopoulos et al. (2000, 2013), Candelario
etal. (2014), and Alrawashdeh and Stathopoulos (2015). A detailed
description of Concordia’s boundary layer wind tunnel facility with
its simulation characteristics is provided by Stathopoulos (1984).
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This section includes a description of boundary flow simulation,
test model, and instrumentations and equipment that served to
develop the experimental work of the present study.

Atmospheric Boundary Layer Simulation

The boundary layer flow of the wind tunnel is mainly developed
using triangular boards, a steel plate, and carpet roughness. Four
boards of the same triangular shape (spires), each of base width and
height of 19 and 120 cm, respectively, were tied up side by side
with a center-to-center distance of 36.5 cm to the screen of the tun-
nel entrance. The two end spires were positioned approximately
35 cm from tunnel sidewalls.

For the present study, all experiments were carried out in a
fully developed flow over a simulated open-country exposure.
The thick carpet furnished along the floor generates the intended
velocity and turbulence profiles of a standard open-country expo-
sure. Fig. 1(a) shows the variation of mean streamwise wind
velocity (U) and longitudinal turbulence intensity (I,) with the
height above the tunnel floor (Z) in the test section at the place
of the model measured using a four-hole Cobra probe (TFI).
In this figure, Z, and (_Jg refer to the gradient height and the
corresponding wind speed, respectively. The gradient wind speed
((_Jg) was set at about 12.6 m/s at a velocity scale of 1:3 to du-
plicate the full-scale gradient velocity of 37.8 m/s. As set out in
Fig. 1(a), the profile of the measured mean wind speed is best
fitted by the logarithmic law model with a roughness length (z,)
of 0.01 cm on the wind tunnel scale and by the power-law with
exponent o = 0.15. Also, the vertical distribution of the turbu-
lence intensity is fitted with a logarithmic function of the form
I, =09/1n(Z/z,), which is consistent with the approximate def-
inition of the longitudinal turbulence intensity profile 7, = 1.0/
In(Z/z,) specified by ASCE/SEI 49 (ASCE 2021).

The streamwise component of the turbulence integral length
scale of the approach flow (L, ,) is empirically determined at the
height of Z = 15.0 cm above the wind tunnel floor using Cook’s
(1978) model

Lu.x =25 % (Z _ d)0‘35 X Z;0.063 (1)

Turbulence Intensity, I,

000 006 012 018 024 030
0 - . : : 0 0.35

-

in which d = displacement height (d = 0 for open-country profile). § 162

For a scale factor of 1:500, L, , is found to be 0.27 m on the wind
tunnel scale.

Fig. 1(b) compares the spectrum of the streamwise wind tunnel
flow measured using the four-hole Cobra probe (TFI) at the pro-
posed height of the test model (i.e., Z = 15.0 cm above the wind
tunnel floor) with the corresponding power spectrum model of von
Karméan (1948) and Davenport (1961). It is also pertinent to point
out that the full-scale von Kdrman spectrum shown is interpolated
for an integral scale of L, , = 135 m. Accordingly, the approach
flow scale is 1:500, in which the gradient height of 60 cm devel-
oped above the wind tunnel floor is approximately equivalent to
300-m boundary layer thickness in full scale. Although the reduced
power spectra are somewhat higher than the von Karméan and the
Davenport spectra toward the end of the dissipation range, i.e., at
higher reduced frequencies, the overall error introduced is rather
small. Apparently, there are discrepancies about the various pro-
posed spectra as well.

One primary research dilemma with testing solar panels in
atmospheric boundary layer wind tunnel at a full-depth flow of
open-country exposure is the geometric scaling of the test model.
Most of the atmospheric boundary layer wind tunnels are devel-
oped for testing models of buildings at geometric test scaling in
the range of 1:300 to 1:500. However, in the particular case of solar
panels, the prototype size is a major constraint for proper geomet-
ric test scaling satisfying the similarity parameters between the
approaching flow and the test models. Certainly, prototypes scaled
down within this ratio will yield an untestable model of very small
size. For instance, the most common size of individual solar PV
cells, in this paper referred to as a module, used for commercial
installation is 200 cm (chord length) by 100 cm (width) and at
1:500 scale its size will be experimentally untestable (i.e., 4.0 by
2.0 mm). Furthermore, considering such a modeling scale will
result in distorting some layout features such as the air clearance
between the roof and the solar array.

Several experimental and computational studies were primarily
derived by the impetus of the geometric test scaling issue of dif-
ferent solar panel systems, namely, Aly and Bitsuamlak (2013) and
Aly (2016) for a single solar panel mounted on the ground and

von Karman Model

Davenport Model

= Experimental (Z;,q tunne=15.0 cm)

0.9
0.30

0.8 .
N 07 ° 0.25
e .
= . & 0.20
2 05 o =
3 . g 0.15
g 04 g
= =
[
E 03 0.10
ST e B @
7z 02

0.05
0.1
-
0.0 T ; . : .00
0.0 0.2 0.4 0.6 0.8 1.0 0.0001
(a) Normalized Mean Velocity, U/ ﬁg (b)
o Mean Velocity ® Turbulence Intensity

0.001 0.01 0.1
n/U, (c/m, in FS)

Fig. 1. Characteristics of the simulated wind tunnel flow: (a) profiles of streamwise mean wind speed and turbulence intensity; and (b) dimensionless

spectrum of the streamwise velocity fluctuations.
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Alrawashdeh and Stathopoulos (2020) for solar panels mounted on
flat roofs. Although the aforementioned studies have demonstrated
that violating the geometric test scale yields discrepancies in the
mean and peak force coefficients, the rightful size of the wind tun-
nel models for such structures is an actual impediment to upholding
the flow simulation requirements.

Model Design and Arrangement

The selection of the building and the solar array configuration for
the present study was guided by the fact that the building plane size
has a significant impact on the solar panel wind loading (Kopp et al.
2012; Kopp 2014; Stathopoulos et al. 2014) and a larger number of
panels would lead to better capturing the complexity of the wind
interaction with the solar panels; hence, more aerodynamic events
are promoted. It is also necessary to maintain a minimum wind tun-
nel blockage, which shall be less than the 5.0% limit specified by
ASCE/SEI 49 (ASCE 2021).

All things considered, a building model with a flat roof of di-
mensions 28.0 and 54.0 cm and a height of 15.0 cm was devised for
the current study. In line with the recommendation of ASCE/SEI 49
(ASCE 2021) for wind tunnel testing of rooftop solar panels, the
considered solar array comprised eight panels (rows). The solar
array was placed at a clearance height (G) of 0.8 cm above the roof
at a tilt angle of 15°. The solar panel had a chord and span length
of 4.0 and 20.0 cm, respectively. The array tilt angle was selected
to reflect the content of the current wind codes and standards as
viewed by the authors as critical tilt within the range of 5° and
20°. For instance, the National Building Code of Canada (NRCC
2015), SEAOC PV2 (SEAOC 2017), and ASCE/SEI 7 (ASCE
2022) prescribe the same design pressure coefficients for all instal-
lations with a tilt angle ranging from 0° and 15°; also, JIS C 8955
(Japanese Standards Association 2017) treats all installations of tilt
between 10° and 50° similarly in terms of design pressure coeffi-
cients. Fig. 2 presents the test model installed on the turntable of
the wind tunnel test section. The maximum blockage ratio of the
test model is approximately 3.6% at the oblique wind direction and
the minimum Reynolds number based on the model height is

Fig. 2. Test model in the wind tunnel of Concordia University (panels
are placed at typical clearance above the roof, G = 40 cm in full scale).

10.5 x 10*, which is approximately more than nine times larger
than the minimum limit specified by ASCE/SEI 49 (ASCE 2021).
As mentioned previously, the common panel cord length is
200 cm (in full scale). Accordingly, the size of the wind tunnel
model to the prototype is 1:50. In fact, such geometric test scaling
has been used widely in the literature studies, including Cao et al.
(2013) and Wang et al. (2018), or larger such as those mentioned
in Table 1, without, however, examining the effect of this scale dis-
tortion on the measurement results. Fig. 3 shows the full-scale lay-
out of the solar array and the building on which it is mounted.

Although there is no standard regulation on the size of the air
clearance above the roof for solar panels tilted on flat roofs, Alberta
Roofing Contractors Association (ARCA) standards (Alberta
Infrastructure 2017) require the solar panels to be installed at a
minimum clearance of 30.0 cm above the roof for construction
warranty eligibility considerations. During the initial experimental
setup, the clearance underneath the solar array was preserved at
the typical height (i.e., G = 40.0 cm in full scale). Experimentally,
to examine the impact of the solar array clearance off the roof
during the modeling in the wind tunnel and carry out a parametric
study, the solar array was placed at two additional clearance
heights, including G = 20 cm and G = 0 cm, which respectively
represent half of the typical clearance and no clearance. Indeed, the
no clearance case (G = 0) could be viewed as a practical situation
when the solar panels are exposed to heavy snow that may accu-
mulate around the array.

The model of the solar panel was made of thin sandwiched met-
allic plates a total of 2.3 mm thick with identical pressure taps on
both surfaces (top and bottom) to determine the pressure across the
panel (net pressure). Each surface of the panel was equipped with
three lines of pressure taps, in the middle and close to the edges for
a total of 60 taps per panel, as illustrated in Fig. 3. The surface

2
o~
PANEL
A=15°
S <
0° WIND S <
.
i »3.0+3.0+3.0%.0a 2
27
19%
G=0,0.20, 0.40 P P A A 2 /9:150
]
v
[

P2z222222222222022220020002000 2 2

Typical Panel

——2.00 m—
0.2571—4' 0.7#0.75 F*O.ZS
I
.
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.
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.
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.
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10.00 m

Fig. 3. Full-scale equivalent geometric details of the test model and
typical solar panel surface with pressure taps (dimensions in meters).
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pressure taps were connected to the channels of the urethane tubing
of 550-mm length. Traditional custom-made brass restrictors were
placed within the urethane tubes at a specific location (300 mm
from the model pressure tap) to add damping to minimize the gain
and phase shifts of pressure signals due to Helmholtz’s resonance
effects.

The pressure measurements were carried out by connecting
the pressure taps to a Scanivalve system of miniature pressure scan-
ners made up of an electronic pressure scanning module (model
Z0C33) (each accepts up to 64 pneumatic inputs) and a digital ser-
vice module (DSM 3400). The pressure scanners were calibrated to
scan the pressure signals at a frequency of 300 Hz for a total period
of 27 s on the wind tunnel model scale. In considering the similar-
ity of geometric (H), time (7)), and velocity (U) scales in the wind
tunnel with atmospheric conditions, expressed by Eq. (2), the time
scale of the pressure measurements time series was found to be
1:16.7. Accordingly, the 27 s of the pressure time series are equiv-
alent to 450 s in full scale. However, necessary adjustments were
made to reference the pressure to 1,800-s dynamic velocity pressure
using the well-known Durst curve (Durst 1960)

- _
_M:&Xﬂ (2)
Tr Uy Hp

in which F and M = full scale and model, respectively.

Analysis of Experimental Data

The instantaneous wind pressures over the solar panel surfaces at
the measurement pressure taps were measured in the wind tunnel
for all considered wind directions in terms of time history wind
load. The wind directions considered in this study (0° to 180°) at
increments of 15° are defined in Fig. 3, which shows that the wind
direction at 0° angle corresponds to wind straight into the building
edge. The measured pressures were normalized by the mean dy-
namic pressure measured at reference height to present them in
the form of nondimensional pressure coefficients

p t 1 -
Cp ([) _ meafured( ) , ‘_]H __ U%—I (3)
qn 2

where C,, = instantaneous wind pressure coefficient of a particular
measurement tap either on the top or bottom surface; P, cosured =
measured wind pressure at the pressure tap; gy = mean value of the
dynamic velocity pressure at roof height (H); p = density of the air;
and Uy = mean value of the wind velocity at roof height.

The instantaneous local net pressure coefficient (referred to as
force coefficient) is provided as the pressure difference between the
top and bottom surfaces at a particular location, as follows:

Cr(1) = Cp1op(t) — Cp Boiom (1) 4)

where C, 1op(#) and C), gogom (¢) = instantaneous wind pressure co-
efficients of the counterpart measurement taps on top and bottom
surfaces at a particular location on the panel, respectively. The top
and bottom surfaces of the panel are the surfaces facing the sky and
the building roof, respectively.

In addition to the local pressure and force coefficients obtained
respectively by Egs. (3) and (4), force coefficients versus the ef-
fective wind area of the panel, called the area-averaged force
coefficients, are also the focus of the present study’s attention. The
instantaneous area-averaged force coefficients over effective panel
area (A) were calculated for each wind direction by simultaneously
integrating the local wind force coefficients after being factored

© ASCE

by the contributing area to each location being considered in the
effective area as follows:

N
Cra(t) :%AZ Cri(t) x A; (5)

i=1% =]

where Cp4(f) = area-averaged wind force coefficients at an in-
stant (#); A; = contributing area to the ith local force coefficient;
and N = number of local force coefficients in the specified area
(A= Eﬁv: 1A;). The area-averaged force coefficient was deter-
mined for various effective areas (A) ranging from 2.0 m? (area of
one module) to 20.0 m? (area of entire panel) with an increment
of a module area (2.0 m?). For each effective area, the force coef-
ficient was calculated at every possible existence on the panel.
By way of illustration, Fig. 4 shows the possible effective wind
areas of force coefficients that correspond to an area of three mod-
ules (A = 6.0 m?). As can be seen, there are eight possible effective
wind areas within the panel area for the force coefficients. The
same operation was applied to calculate the force coefficients at
effective wind areas ranging between 2.0 and 20.0 m? (e.g., nine
possible areas were considered to determine the force coefficient of
effective wind area A = 4.0 m?). In the ultimate analysis, 55 effec-
tive areas were considered for the calculation of the area-averaged
force coefficients for each panel at each wind direction. When the
effective wind area (A) is equal to the area of a module or a panel,
the area-averaged force coefficient is referred to as module force
coefficient and panel force coefficient, respectively.

Fig. 5 depicts the sign convention adopted for the key measure-
ment results provided in this paper. Accordingly, the surface mean
and peak pressure coefficients (Cp and GCp) are positive when the

MI M2 M3 M4 MS M6 M7 M8 MY MI10

f—2.00 m“

10.00 m |
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] 11 1 1
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Fig. 4. Possible effective areas for Cp and GCp corresponding
to 6.0 m2.
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Fig. 5. Sign conventions for the pressure coefficients and force
coefficients.

pressure acts toward the surface, and negative when the pressure
acts away from the surface (suction). Also, the local and the area-
averaged mean and peak force coefficients (Cr and GCp) are neg-
ative if the pressure tends to peel off the solar panel away from the
roof and positive when the pressure tends to push the array toward
the roof.

The interpretation of the negative results (i.e., pressure and force
coefficients) throughout the paper is provided in an absolute sense
without regard to their sign.

Results and Discussion

Local mean pressure peak pressure coefficients (surface pressures)
and mean and peak force coefficients (net pressures) are presented
in the following sections. Their vulnerability with respect to the
size of the air clearance underneath the solar array—mainly from
aerodynamic perspectives—is discussed.

Mean Pressure Coefficients and Force Coefficients

Investigation of the wind pressure induced on the top and bottom
surfaces of the panels shows that the panel surfaces are dominated
by negative pressure (suction) for all wind directions. Figs. 6 and 7
provide the maximum negative mean pressure coefficients over the
panel bottom and top surface (in an absolute sense) for each wind
direction, respectively. Thus, the values provided in these figures
are the worst local mean suction induced on the panel surfaces at
each particular wind direction. As illustrated, the bottom surface
mean suctions within the individual array clearance are generally
of higher severity than the corresponding values of the top surface
for wind directions from 15° to 45°. Conversely, the opposite trend
for a certain clearance height is observed with respect to the dis-
tribution of the surface suctions at wind direction between 135° and
165°. The presence of vortices detached from the leading edges of
the roof at oblique wind directions has surely played a significant
role in influencing the distribution of the surface pressure (Banks
2013; Wang et al. 2020b). The wind suctions induced on the sur-
faces have further escalated and spread to a larger region over the
array’s panels mainly due to the separation of the conical vortices,
which has a downflow nature at the higher edge of the panels. The
interaction among these conical vortices and solar panels yielded
localized phenomena, such as wake regions and stagnation points
beneath the solar panels at wind directions from 15° to 45° and
separation bubbles above the panels at wind directions from 135°
to 165°, which are influential in impacting the surface pressures
with the wind direction.
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In line with the previous study of Wang et al. (2020b), the effect
of the array clearance on the bottom surface mean pressure coef-
ficients is more pronounced than those of the top surface. As shown
in Fig. 6, the maximum mean pressure coefficients on the bottom
surface have greatly decreased in value with decreasing the clear-
ance above the roof, particularly marked at wind directions from
15° to 75° for the front panel A and from 0° to 30° for the other
panels of the array. A likely scenario would suggest that disturb-
ance of the wake region formulation on the bottom surface for
winds blowing from the front (i.e., 0°~30°) might have accounted
for the decrease in the mean suction of the bottom surface with
decreasing the size of the array clearance. In this regard, the dis-
tribution of the local mean surface pressure and force coefficients
will be examined at particular wind directions, including 0°, 45°,
135° and 180°.

Fig. 8 provides the local distribution of the mean wind pressure
coefficients on the bottom and top surface and the mean force co-
efficients for modules located at the side edge of the array (M1 as
named in Fig. 3) for wind directions of 0° and 180°. As shown in
Fig. 8(a), placing the array at a smaller clearance (G = 20 cm) or
directly on the roof (G = 0 cm) reduced the positive mean force
coefficients (dlownward net pressures) at 0° wind direction, greatly
at regions close to the edges of the modules. This tendency comes
as a result of the reduction in the mean pressure coefficients on the
bottom surface of the modules installed at clearance height G = 0
and G = 20 cm.

As shown in Fig. 8(b) for 180°, minimizing the array clearance,
either to G = 0 or G = 20 cm, tends to decrease the negative mean
pressure coefficients of the bottom surface, particularly at regions
close to the lower edge of the modules of the downstream panels.
Regarding the top surface, the negative pressure coefficients of the
modules of the downstream panels at no clearance (panels A and B
at G = 0) have only been affected. Therefore, the decrease in the
array clearance to G = 20 cm and the concomitant decrease in the
bottom surface pressure naturally led to increasing the negative
mean force coefficients (higher upward net pressures).

Fig. 9 shows the local distribution of the surface mean pressure
and mean force coefficients of modules located at the side of the
array (M1) at 45° and 135° wind directions. As clearly shown, the
suctions on the top surface seem to have been slightly affected by
the air clearance. The mean pressure coefficients of the bottom sur-
face of the upstream panels (A at 45° wind and H at 135° wind) are
significantly reduced at no clearance (G = 0); see Figs. 9(a and c).
As reported by the CFD study of Wang et al. (2020a), these mod-
ules are mostly far from the building edge conical vortices. On the
other hand, there is an inverse correlation between the clearance
height and the bottom surface mean pressure coefficients of the
downstream panels (G, F, E, D, C, and B) at 135° wind direction,
such that the highest suctions are induced when the array is placed
at no clearance (G = 0).

Consequently, the positive mean force coefficient of modules
less interfered by the conical vortices, namely, windward modules
of the solar panels A, B, and C at 45° wind direction, are de-
creased when placing the panels at no clearance, largely at regions
close to the lower edge of the panels, as shown in Figs. 9(a and b).
Otherwise, the positive mean force coefficients do not necessarily
depend on the underneath array clearance. Furthermore, the neg-
ative mean force coefficients of the downstream modules (G to A)
are greatly decreased at no clearance (G = 0), significantly at
the regions close to the higher edge of the panels, as shown in
Figs. 9(c and d).

The effects of the air clearance on the wind suction induced
on the bottom surface of the solar modules are indeed associated
with wind interference of the solar panels. Thus, the size of the air
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Fig. 6. Maximum local negative mean pressure coefficients over the panel bottom surface for each wind direction.

clearance affects the impact of the wind interference of the solar
panels. As clearly shown from the mean pressure distribution on
the bottom surface of all panels at 0° wind and the upstream panels
at 45° wind, placing the array at lower clearance would enhance
wind interference of the solar panels and disturb the flow separation
at the higher edge of the panels. This results in a wake region for-
mulation of a lower vortex frequency.

The same applies to the distribution of the mean pressure co-
efficients on the bottom surface at winds blowing from behind
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(i.e., all panels at straight wind and upstream panel for oblique
winds such as 180° and 135°, respectively). Placing the array at no
clearance would confine the airflow underneath the bottom surface
of the panels, and hence this will further disturb the wake region
formulation. Regarding the downstream panels at oblique wind di-
rection, the shear layer of the confined wake region is enhanced by
the shear layer of the top surface of the upstream panel inducing
higher suction on the bottom surface. On the other hand, when there
is enough clearance underneath the panels the flow will reattach on
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Fig. 7. Maximum local negative mean pressure coefficients over the panel top surface for each wind direction.

the roof and penetrate with less interference with the wake region
on the bottom surface of the upstream panel.

Finally, another point that should be stressed is the highly
elevated negative mean force coefficients observed at reducing
the array clearance to G = 20 cm; see, for instance Figs. 8(b) and
9(c and d). This is indeed a result of the increased suction on the top
surface at wind directions from 135° to 180° (Fig. 6), which enhan-
ces the net pressure to act upward. Thus, the array at lower clear-
ance would augment the wind interference of the solar panels,
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causing further attenuation in the wake region on the bottom sur-
face and further intensifying the vortices on the top surface shed
from the higher edge of the panels.

Peak Pressure Coefficients and Force Coefficients

Previously, it was demonstrated through the distribution of the
mean surface pressure and the mean force coefficients that the solar
array clearance above the roof led to altering the conditions of the
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flow around panels of the solar array. Therefore, it is important to
further assess the impact of underneath array clearance on the peak
pressures on the surfaces and across the panels represented by the
peak pressure and force coefficients, respectively.

Figs. 10 and 11 show the maximum local positive and negative
peak pressure coefficients on the bottom and top surfaces for each
wind direction, respectively. As illustrated, however, the surfaces
(top and bottom) of the panels have been dominantly exposed to
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11

peak suction pressure at different clearance conditions underneath
the solar array, and changing the clearance resulted in disturbing
their severity. A trend is clearly demonstrated on the bottom surface
for the most critical wind directions, including the front panel A at
15°-75° winds, middle panels for 15°-30° winds, and back panels
for 0°-30° winds. Conversely, with reference to Fig. 11, the maxi-
mum negative pressure coefficients of the top surface are relatively
unaffected by the clearance height, except for some panels in the
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Fig. 11. Maximum local positive and negative peak pressure coefficients of the panel top surface at each wind direction.

middle of the array (e.g., E and F) at the most critical wind direc-
tions ranging from 120° to 165°.

In detail, the negative peak pressure coefficients on the bottom
and top surfaces are significantly decreased when the array is
placed at no clearance (G = 0). Also, the size of the clearance (G =
20 cm and G = 40 cm) has two countervailing effects on the sur-
face negative peak pressure coefficients. On one hand, the negative
peak pressure coefficients on the bottom surface are increased with
increasing the solar array clearance, and on the other hand the
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negative peak pressure coefficients of the top surface are decreased
in magnitude with increasing the solar array clearance, as shown in
Figs. 10 and 11, respectively.

The impact of the underneath solar panel array clearance will be
examined on the local negative and positive peak force coefficients
obtained at wind directions 30° and 150° for modules located on the
windward edge of the array (module M1, Fig. 3).

Fig. 12 shows clearly that at the most critical wind direction for
positive peak net pressure, i.e., 30°, the values of the positive peak
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force coefficients (GCr) have decreased, particularly at no clear-
ance (G = 0). This is because of the increased bottom surface wind
pressure coefficients that played a significant role in equalizing the
top surface pressure suction. In contrast, the negative peak force
coefficients obtained at the most critical wind direction of 150° are
reduced at higher clearance (G = 40 cm) at regions close to the
lower edge of the panels. The higher values are mostly observed on
the modules of lower array clearance (G = 20 cm) as the pressure
on the top surface becomes greater than the bottom surface reduced
pressure.

Impact Assessment in Practice

In this section, the experimental force coefficients that could be
treated as design loading are examined and compared in the con-
dition of changing the underneath array clearance. Thus, the exper-
imental force coefficients are calculated in the same manner as the
design force coefficients adopted by different national wind codes
and standards for roof-mounted solar panels. For instance, the
North American wind codes and standards (NRCC 2015; SEAOC
2017; ASCE 2022) adopt the envelope procedure (i.e., the envelope
wind tunnel data from all wind directions) for the design force
coefficients; while the Japanese industrial standard (Japanese
Standards Association 2017) considers the force coefficients for
0° and 180° wind directions.

Figs. 13 and 14 present the maximum mean and maximum peak
values of the module force coefficients (worst force coefficient
within the panel at a particular wind direction that corresponds to
an effective wind area A = 2.0 m?). Following the design value
definition of JIS C 8955 (Japanese Standards Association 2017),
the module maximum positive mean and peak force coefficients
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are obtained at 0° wind direction (as presented in Fig. 13), whereas
the module maximum negative mean and peak force coefficients
are obtained at 180° wind direction (as presented in Fig. 14). It is
evident that the clearance of the solar array above the roof has in-
fluenced the estimation of the force coefficients intended for design
purposes.

The module maximum positive mean and peak force coeffi-
cients show a tendency to increasee with increasing the clearance
between the solar array and the roof. However, as in Fig. 13, the
module maximum positive peak force coefficients of the upstream
panel (A) obtained at lower clearance (G = 20 cm) are the highest.
Thus, the positive mean and peak module force coefficients are
increasingly underestimated with the downstream panels at mini-
mizing the clearance of the solar panels (i.e., G = 0 and 20 cm).
Certainly, that tendency is attributable to the decrease in the local
net pressures at regions close to the lower and higher edges of
the panel, because most dropped by half compared with the corre-
sponding values of the array placed at higher clearance (i.e., G =
40 cm). The modules of the upstream panel (A) do not experience
mean force coefficients except locally at the regions close to the
lower edge of the array at G = 40 cm where the local mean force
coefficient is found to be about 0.2.

As shown in Fig. 14, the module negative force coefficients of
the upstream panel (H) are greatly increased when G = 0. In the
downstream direction, minimizing the clearance from G = 40 cm
to G = 20 cm has generally resulted in overestimating the negative
module force coefficients.

Fig. 15 shows the extreme negative and positive peak force
coefficients, which are assessed as loading force coefficients by
the National Building Code of Canada (NRCC 2015), SEAOC
PV2 (SEAOC 2017), and ASCE/SEI 7 (ASCE 2022), among the
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Fig. 13. Effect of clearance on module maximum positive mean and peak force coefficients at 0° wind direction.

considered air clearances versus the effective wind area of the
panel. The extreme force coefficient corresponding to a particular
effective area is the envelope value from all wind directions and all
possible loading areas within the panel. Overall, these results are
in accordance with findings reported by Kopp (2014) wherein the
worst extreme peak force coefficients (i.e., the envelope of the en-
velope panels’ curves) would show little difference with the under-
neath array clearance. This fact is acknowledged, but there is a
considerable discussion to take place in this regard. The study of
Kopp (2014) lacked the potential to quantify the clearance effect
because of some technical limitations of the experimental model-
ing. In the experimental modeling of that study, the pressure taps
coverage on the bottom surface of the panels is reduced compared
with the top surface, where three lines of pressure taps were con-
sidered as opposed to only one line along the center of the bottom
surface. Excluding the pressure taps on the bottom surface at re-
gions close to the edges led to the conclusion that the array clear-
ance has a minimum impact on the pressure envelope curves,
although such regions are highly affected by the clearance at critical
wind directions, as demonstrated subsequently in the present study
and that of Wang et al (2020b).

Referring to the extreme peak force coefficient of Fig. 15, plac-
ing the solar array at different clearances above the roof had uneven
extreme peak force coefficients. The topology of the differences
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between the measurements among the considered clearances can be
summarized as follows: Differences resulting in the extreme neg-
ative peak force coefficients by placing the array at half or zero of
the typical clearance vary spatially depending on the panel location
within the array. Differences resulting in the extreme positive peak
force coefficients by placing the array at half of the typical clear-
ance show a strong correlation with the effective wind area of
the panel and less correlation with the panel location. Differences
resulting in the extreme positive peak force coefficients by plac-
ing the array at zero of the typical clearance show a correlation with
the effective wind area of the panel and the panel location within
the array.

In detail, the results provided in Fig. 15 demonstrate that plac-
ing the solar array at no clearance (G = 0) largely diminishes the
extreme positive peak force coefficients of most of the array pan-
els, particularly the values of the front panels (A and B) and those
corresponding to the area of one module or less (GCp of A <
2.0 m?) of the middle and the back panels. Clearly, the extreme
positive peak force coefficients of the front panels at no clearance
(G = 0) are reduced by one-third. Although the extreme negative
peak force coefficients are found to be less affected with plac-
ing the array at no clearance (G = 0), an increasing tendency is
observed on the extreme negative force coefficients of the back
panels (G and H) with a factor up to 1.6. In general, minimizing
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the underneath array clearance (i.e., from G =40 cm to G =
20 cm) tends to decrease the extreme positive peak force coeffi-
cients and to largely increase the extreme negative peak force
coefficients.

As stated previously, the current wind codes and standards do
not incorporate the impact of the underneath clearance of the solar
array above the roof. Specifically, the provisions adopted by the
National Building Code of Canada (NRCC 2015), SEAOC PV2
(SEAOC 2017), and ASCE/SEI 7 (ASCE 2022) are applicable
exclusively for solar panels installed at a clearance height of
60 cm or less (G < 60 cm) based on the premise that the air clear-
ance has no bearing within that limit. However, the results of the
present study confirm that the underneath air clearance of the solar
array presents different tendencies for the extreme force coeffi-
cients according to the direction of the net pressure (upward or
downward).

To give a clearer illustration of the potential distortions that
could be introduced on the design loading coefficients, Fig. 16
shows the experimental module and panel extreme (envelope) lift
and drag force coefficients, which are practically used to design the
supports of the solar panel racking systems. Thus, the upward lift
forces and the drag forces are respectively used to evaluate the ver-
tical and the horizontal resistance of the posts (in case of mechan-
ically fastened racking systems on roofs) or weights (in case of roof
ballasted racking systems).

As clearly illustrated in Fig. 16, minimizing the underneath solar
array clearance would require increasing the upward resistance of
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the racking system because the upward lift forces of the mod-
ules and the panels broadly increased by 50% when the typical
underneath clearance was reduced to half. It is true that the
negative lift force coefficients show a reversed trend, but these
forces act as a downward thrust on the roof. Thus, increasing
the clearance is detrimental to the vertical wind loads transferred
to the roof.

Changing the underneath clearance size also influences the
drag coefficients. In this case, the comparison shall be made with-
out considering the direction of the drag forces (left or right) be-
cause they are perceived as horizontal resistance required by the
supports of the racking system. Accordingly, comparing the worst
values of the positive and negative (right and left, respectively)
extreme drag force coefficients shows that reducing the clearance
to half resulted in enlarging the drag coefficients of the middle
panels by 30% and the back panel by 60%. To a lesser extent,
placing the array at no clearance reduced the drag resistance of the
module and the entire panel by 20% of the upstream panels (A, B,
C, and D) and on the other side enlarged the drag coefficients of
the back panels by 30%.

The results provided in this section revealed that the wind tunnel
experimental results assigned as design force coefficients are par-
ticularly sensitive to air clearance underneath the solar array model;
therefore, such coefficients based on violating such geometry lay-
out may compromise the credibility of the design and the safety of
the structures, particularly when the results imply underestimation.
The provided results may also assist solar panel practitioners and
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Fig. 15. Effect of clearance on extreme positive and negative area-averaged peak force coefficients, envelope GCr.

engineers in this concern, which is not specifically dealt with in
existing codes and standards provisions. Finally, it is important
to sensitize the code and standards community to research issues
that may be critical to be addressed in the codification process con-
sidering, of course, the inherent error associated with such meas-
urement procedures.
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Summary and Conclusions

In the present experimental investigation, the impact of the air
clearance between the solar array and the roof surface was exam-
ined by considering a solar array of eight panels mounted on a
building with a flat roof at three air clearance heights above the
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roof, namely, 40.0 cm (typical), 20.0 cm (reduced), and 0 cm

(no clearance).

In effect, this paper thoroughly discussed the aerodynamic and
the design aspects of varying the air clearance underneath the array,
and thus the following key conclusions can be drawn:

e Varying the air clearance size may twist the flow-array inter-
action out of shape and may affect the local phenomena re-
sponsible for producing high suctions on the bottom surface,
particularly like the wind interference of the solar panels. The
wake region formulation is disturbed depending on the panel
location and wind direction.

 Varying the air clearance has implications on the mean and peak
values of the surface and net pressures. Wind-induced pressure
on the bottom surface has been found to be the most sensitive to
varying the air clearance for winds from 0° and 30°. Generally,
the nearer the array is to the roof, the greater the upward net
pressures and the lower the downward net pressures.

e Condoning the air clearance during the experimental modeling
setup is not appropriate practice, and hence modeling of this
layout feature at minimal blockage is indeed important.

* There is a risk that in the event of snow accumulation around the
solar panels, the wind may become more severe on the back and

© ASCE

middle panels. For regions exposed to snow frequently, it is rec-

ommended to consider the excess of the wind-induced pressure

at these panels of the array.

Finally, the present study provides a comprehensive response
for the array clearance implications on wind loading of solar panels
tilted on flat roofs. The research outputs could be adopted by roof-
top solar panel professionals to rectify the design values given that
the effects of air clearance are addressed unsatisfactorily by the
current provisions of wind codes and standards.
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