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The paper outlines a set of experimental criteria implemented to examine the influence of geometric scale on
wind-induced pressures on roof-mounted solar panels tested in a simulated atmospheric boundary layer. The re-
sults of this research contribute significantly to the understanding of the obstacles hindering the reliable evalua-
tion of wind loads on solar panels, bearing in mind that the size of wind tunnel models of such structures is a key
stumbling block to conducting experiments and getting reliable results. The effect of such shortcomings in the
codification process is examined. Three models of geometric ratios 1:50, 1:100 and 1:200 were designed, manu-
factured and tested in the atmospheric boundary layer wind tunnel of Concordia University. The results show that

the geometric test scaling is an important parameter in simulating solar panel models in atmospheric boundary
layer wind tunnels, particularly when considering design wind loads.

1. Introduction

Solar power, arguably the most accessible and prevalent application
for renewable energy, becomes the focus of world attention resulting
in rapid applications of photovoltaic solar panels of various utility-scale
systems throughout the world. Furthermore, moving towards renew-
able energy would offer economic benefits at the individual owner and
the national level. Today, solar panels are increasingly used in low-rise
residential and industrial buildings with a variety of installations and
geometries, mainly recognized in two groups according to their mount-
ing system as: Building Attached Photovoltaics (BAPVs) and Building-In-
tegrated Photovoltaics (BIPVs). In BIPVs installations, PV modules are
integrated into the building envelope or components (i.e., roof, facade or
windows) instead of using conventional building materials. Therefore,
BIPVs are considered as part of the structural envelope system of build-
ings. On the other hand, PV modules are fixed onto the building walls or
roofs in BAPVs installations (i.e., tilted-up on flat roofs, flushed in par-
allel to inclined roofs or mounted on walls) — as illustrated in Fig. 1,
which summarizes various possible installations of BAPVs. In this kind
of application, PV systems are not considered as parts of the structural
system of the building but they are deemed to be attachments to the
building envelope.

The arrays of roof-mounted solar panels from a structural perspec-
tive should be designed to withstand at least the array self-weight in
addition to other dead loads (electrical system and other attachments),
weight of snow built-up and wind pressures induced on the surface.
Solar panel systems are lightweight structures and wind pressures on
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their surfaces, unless considered properly, may lead to damaging or de-
forming the array. Therefore, the design requirement for solar panels on
buildings against wind pressures should satisfy the safety of the PV mod-
ule cover plate from cracking due to local wind loads, the solar modules
from losing or peeling out from their supports due to wind loads applied
to the area of the module and the array supporting system from damag-
ing or collapsing due to the wind pressures acting on the panel or array
area.

It has been demonstrated that the atmospheric boundary layer wind
tunnel testing is the most dependable approach for structural wind en-
gineering. Such facilities have been widely utilized for the evaluation of
wind loads on buildings and structures and the development of the cur-
rent national wind codes and standards are mainly based on their out-
comes. Recent interest in determining the wind loading for the design of
solar panels has introduced pressure coefficient data mainly generated
from wind tunnel studies. The literature data are subject to uncertainties
owing to the experimental conditions and criteria followed in their ex-
perimental methodologies (Alrawashdeh and Stathopoulos, 2017).

Research to establish wind tunnel simulation criteria and approach
for producing credible wind-induced pressures on solar panels is re-
ported in this paper, which introduces the experimental procedure in-
tended to investigate wind-induced pressure on solar arrays mounted on
flat roofs of low-rise industrial buildings.

2. Overview and objectives

Wind effects on solar panels have been studied since the end of the
seventies in the last century (Chevalien and Norton, 1979). Since
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Fig. 1. Possible installations of solar panels into building's: (a) Roof, and (b) walls.

the turn of this century, there has been further growing interest in inves-
tigating wind-induced loads on solar panels, particularly utilizing atmos-
pheric boundary layer wind tunnels for these studies. This has resulted
in numerous parametric investigations, and a large quantity of data was
incorporated into wind codes and standards to generate design provi-
sions for roof-mounted solar panels.

Most of the studies available in the literature for solar panel systems
were conducted for those mounted on flat-roofs (Wood et al., 2001;
Ginger et al., 2011; Pratt and Kopp, 2012; Browne et al., 2013;
Cao et al., 2013; Kopp, 2013; Stathopoulos et al., 2014; Naeiji
et al., 2017; and Wang et al., 2018), while only a limited number
of studies considered solar systems mounted on inclined roofs (Ginger
et al., 2011; Naeiji et al., 2017; Aly and Bitsuamlak, 2014; Sten-
abaugh et al., 2015; and Leitch et al., 2016). Attention of the pre-
vious studies was particularly focused on solar panel systems mounted
on industrial buildings with large plan dimensions (greater than 12.0 m)
and height greater than 5.0 m.

Most of the previous studies were conducted in open-terrain expo-
sure at geometric scales violating simulation requirements. Scales of
1:15 to 1:200 have been utilized for many reasons, such as to obtain
larger geometries of solar panels that can be testable in the wind tunnel,
to consider the flow between the solar panels and roofs under them, to
increase the thickness of the panels for purpose of implanting pressure
taps on both upper and lower surfaces and to have adequate space to
fit the pressure tubes without disturbing the flow between the solar ar-
ray and the roof. However, maintaining accurate model geometric scale
is inherent to ensure the similarity of experimental conditions (e.g. tur-
bulence integral scales, wind power spectra, Jensen numbers etc.) with
those in the field.

Significant differences in values of the peak force coefficients have
been found among the results of the previous studies. Also, analysis
of the literature shows contradictory results reported on the influence
of the major parameters on impacting wind-induced pressures on so-
lar panel surfaces, such as: building size, array inclination and panel
spacing. For example, it was found that wind loads on solar panels are
strongly affected by building size (Stathopoulos et al., 2014; Banks,
2013; Kopp, 2013; and Pratt and Kopp, 2012). Banks (2013);
Kopp (2013); and Pratt and Kopp (2012) have found that wind
loads on solar panels increase with increasing the building size. How-
ever, Cao et al. (2013) have found that wind loads on solar panels
are not affected by building size. Approach flow characteristics, build-
ing and solar panel configurations and dimensions as well as conditions

of the experiments such as geometric test scaling and blockage ratio may
be reasons for these discrepancies.

Literature studies carried out without any specific experimental cri-
teria and requirements resulted in questionable results, and this was the
impetus for the current study. Indeed, this study seeks to investigate
the differences from comparisons of previous studies and, most impor-
tantly, to establish wind tunnel simulation criteria for producing cred-
ible wind-induced pressures on solar panels to be used for purposes of
codification. A series of wind tunnel experiments have been devised to
establish specific requirements for simulating roof-mounted solar panels
in atmospheric boundary layer wind tunnels (ABLWTs), considering geo-
metric test scaling as principal requirement to be examined. Models of
three geometric test scales were designed and tested in an open country
simulated atmospheric flow towards that end. The objective of the study
was to quantify the differences found by enlarging the size of the model
without changing the upstream simulation conditions which have been
developed generally for a different geometric scale, i.e. a procedure that
has applied routinely to several previous studies.

3. The wind tunnel experiments

All experiments for the present study have been carried out in the
atmospheric boundary layer wind tunnel of Concordia University. The
blow-down tunnel is of the open-circuit type with working section of
1.80 m in width, 12.2 m in length and has adjustable roof height in the
range of 1.40-1.80 m. At the test section, the tunnel is equipped with a
turntable of 1.60 m diameter through which the effect of different wind
directions can be examined. Fig. 2 represents a photograph for the up-
stream view of the wind tunnel and the tested models.

A description of the design and performance of this experimental fa-
cility is sufficiently served by Stathopoulos (1984).

3.1. Wind tunnel modeling and flow simulation

A typical solar panel module used mainly for commercial installa-
tion (2 m by 1 m) has been considered for modeling. A system of roof
solar array consists of 8 panels (rows), each 10 m long and 2 m wide,
is designed for tilt angle of 15°. A 7.5 m high commercial building with
plan dimensions of 14 m by 27 m is selected. The solar array is placed
at setback distance of 2.0 m from the roof edges and a distance of 0.4 m
above the roof - as illustrated in Fig. 3.

Three models are already set up at three geometric ratios (1:50,
1:100 and 1:200). All layout details shown in Fig. 3 are scaled down
at the respective scale ratio, including the size of the gap underneath
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Fig. 2. Upstream view of the wind tunnel with the tested models.
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Fig. 3. Schematic illustration of the full-scale equivalent installation (dimensions in m).

the solar array, setback of the solar array and horizontal panel spacing.
It should be noted that the model of 1:200 scale is the smallest testable
model that could be manufactured so that the pressure taps can be in-
serted from both surfaces, while the model of 1:50 scale is the largest
model that could be tested without distorting the wind tunnel blockage
limit.

The three models of the considered arrays were made of thin “sand-
wiched metallic plates” of totally 2.3 mm thick — See Fig. 4 (a). Both
surfaces (top and bottom) of each panel are equipped with pressure
taps, identical in their distribution, to additionally determine the

net wind pressures (force coefficients). The detailed distribution of the
surface pressure taps for the models of the arrays at the considered geo-
metric scales is illustrated in Fig. 4 (b). As shown, the solar panel mod-
els are equipped with a line of pressure taps at the middle with the ex-
ception of the largest model, which has been equipped with two addi-
tional lines close to the edges in order to investigate the effect of den-
sity of pressure taps per module. In the present study, the results will be
confined only to pressure taps along the middle of the panels for com-
parison purposes.
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Fig. 4. (a) Close-up photographs for the solar panel of scale 1:50 and (b) Schematic illustration of solar panel models with pressure taps (dimensions in cm).

A traditional open-country exposure has been simulated at the test
section of the wind tunnel. Fig. 5 (a) shows the approach flow profile
of mean wind velocity and turbulence intensity at the test section mea-
sured using a 4-hole Cobra-probe (TFI). The mean wind speed variation
at the test section is described by the log-law model and the measured
velocity data best fit the velocity model with roughness length (z,) of
0.01 cm in the wind tunnel. For the simulated wind profile, the scale is
1:500 considering a full-scale boundary layer thickness of 300 m.

3.2. Methodology

The modeling of wind effects on structures in wind tunnels requires,
first and foremost, reproducing the characteristics of the natural wind
and then correctly scaling down the structure to be tested. However,
when it comes to test solar panels in simulated atmospheric boundary
flow, selecting the geometric test scaling of the models to be tested is
an experimental dilemma linked to the size of the solar panels prototype
and some other layout features! Therefore, the designed models of dif-
ferent geometric scales (1:200, 1:100 and 1:50) were tested in the sim-
ulated atmospheric boundary layer flow to assess the impact of violat-
ing the test model size on wind-induced pressures of roof-mounted solar
panels.

Landmark studies carried out on low-rise buildings by Lee (1975),
Cook (1978), Holdg et al. (1982) and Stathopoulos and

Surry (1983) have identified the longitudinal integral scale of turbu-
lence (L,x) as an essential parameter for the simulated atmospheric
boundary layer flow to reproduce realistic wind pressures. The scale of
the turbulence itself should be considered in the selection of the geomet-
ric test scaling ensuring agreement of the turbulence of the approach-
ing flow and the turbulence generated from the flow interaction with
the bluff model. Particularly, the importance of accurately selecting the
scale of the model (model size to prototype size) has been emphasized
by Cook (1978), as follows:

“The linear scale of any building model should be matched to the lon-
gitudinal integral length scale, otherwise the scales of the simulated
atmospheric turbulence and the building-generated turbulence will not
match. In that event, the scaled dynamic response of the model in load
or in deflection will not be correct.”

This indicates that the integral length scale (L, ) of the turbulence to
the building height (H) shall be the same in field (FS) and wind tunnel
(WT), which can be expressed as follows:

Lu,x _ Lu,x
)= ()., @

in which,

Lu,x — 25)<(Z _ d)0'35XZ;0‘063 (2)
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Fig. 5. (a) Vertical distribution of mean wind speed and longitudinal turbulence intensity and (b) Comparison of dimensionless spectrum measured at height Z = Z,/6 with the counterpart
models of von Karmén and Davenport.
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Z, is the roughness length and d is the displacement height (Cook,
1978).

The longitudinal length scale of the simulated wind flow shown in
Fig. 5 (a), based on the empirical model of the length scale of Cook
(1978) provided in Eq. (2) for a geometric scale of 1:500, at the height
Z = Z4/6 cm (where Zg is the gradient height, 60.0 cm) above the wind
tunnel floor, is Lyx = 0.27 m on the wind tunnel scale. As shown in
Fig. 5 (b), the measured spectrum of the longitudinal wind tunnel flow
(at Z = Zy/6) shows favourable agreement with the corresponding em-
pirical power spectrum model of Karman (von Karmén, 1948) and the
analytical model of Davenport (1961). It should be noted that von
Kérmén spectrum shown is generated for integral scale of L, x = 135 m
in full-scale, which is 500 times larger than the corresponding value
in the wind tunnel. Consequently, the simulated atmospheric boundary
layer flow is appropriate for rightfully testing models at scales of 1:400
to 1:500, but adopting this scale is indeed out of the question as the so-
lar panel model will be very small and untestable in the wind tunnel.
The designed models of geometric scale 1:200, 1:100 and 1:50 are two
and half-, five- and ten-fold the rightful size, respectively.

According to the similarity condition indicated by Eq. (1), testing
the considered models in the simulated flow will respectively result in
discrepancies of 2.5:1.0, 5.0:1.0 and 10.0:1.0 in the relevant turbulence
scale (L, x/H) of the full-scale and the wind-tunnel — See Table 1.

Also, Table 1 shows that the wind tunnel models satisfy the exper-
imental criteria recommended by the Wind Tunnel Testing for Build-
ings and Other Structures (ASCE/SEI 49, 2012). Thus, the maximum
wind tunnel blockage ratio is lower than 5% and the minimum model
Reynolds number is higher than 1.1 x 10% Blockage ratios are de-
termined based on working section dimensions of the boundary layer
wind tunnel of Concordia University (width = 180 cm and
height = 160 cm).

3.3. Pressure measurements

The instantaneous wind pressures over the solar panel surfaces at the
measurement pressure taps - see Fig. 4 (b) - are measured in the wind
tunnel for all wind directions from 0° to 180° (as laid down in Fig. 3) in
terms of time history wind load. The pressure measurements were car-
ried out by connecting the pressure taps to a system of miniature pres-
sure scanners made up of Scanivalve pneumatic modules (ZOC33/64Px),
each capable of handling 64 pressure taps, and a digital service module
(DSM 3400). The pressure scanners are calibrated to scan the pressure
signals at frequency of 300 Hz for a total period of 27 s on wind-tunnel
scale.

The surface pressure taps are connected to the channels of the Minia-
ture Pressure Scanner using urethane tubing of 550 mm length. Tradi-
tional custom-made brass restrictors were placed within the tubes at
300 mm away from the pressure tap to add damping to minimize the
Gain and Phase shifts of pressure signals — See Fig. 4 (a).

The measured pressures are normalized by the mean dynamic ve-
locity pressure measured at reference height in order to place them in

Table 1
Experimental modeling parameters considered.

Re x 104 Max.

Based on Blockage L L
Model H Ratio (%) (H/z0)wr (#)Fs : (#)WT
Large (1:50) 10.5 3.6 1500 10.0:1.0
Medium 4.8 0.6 750 5.0:1.0
(1:100)
Small (1:200) 2.3 0.1 375 2.5:1.0

WT = Wind-tunnel and FS= Full-scale.
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the form of non-dimensional pressure coefficients:

2

Pmeasured (t) _ 1
——— - Qu= EPUH 3)

Cp (t) i
in which G, is the instantaneous wind pressure coefficient of particular
measurement tap either on top or bottom surface, Ppeasured 1S the mea-
sured wind pressure at the tap, du is mean value of the dynamic velocity
pressure at roof height (H), p is the density of the air and Uy is mean
value of the wind velocity at roof height. The surface pressure coeffi-
cient is positive when the surface pressure acting as a pushing pressure;
and negative, when acting as a suction.

The instantaneous force coefficient (local wind pressure across the
solar module) is provided as the pressure difference between the top and
bottom surfaces at a particular location,

Cr () = Cp 1op () — Cp Bottom () 4)

in which Cp, 1op (® and CpBotiom (D are respectively the instantaneous
wind pressure coefficients of the counterpart measurement taps on top
and bottom surfaces of each module. It should be noted that the force
coefficient is negative if the pressure tends to peel the solar panel away
from the roof and positive when the pressure tends to push the array to-
wards the roof.

Considering similarity requirements, geometric (H), time (T) and ve-
locity (V) scales in the wind tunnel must be in parity with respective at-
mospheric conditions; therefore, the time scale of the pressure measure-
ments are determined in combination with the geometric and velocity
scales as follows:

Tw _ Vg Hy
T, Wy He ®)

in which W, F and M refers to wind tunnel, full scale and model, respec-
tively.

Accordingly, the time scale of the pressure measurement records of
the tested geometric scales 1:50, 1:100 and 1:200, considering a velocity
scale of approximately 1:3, are respectively 1:17, 1:34 and 1:68 so that
the 27 s of pressure records are equivalent to 450, 900 and 1800 s in
full-scale for the tested geometric scales. For “like-for-like” comparison,
adjustments were applied to the pressure records associated with solar
arrays of scales 1:50 and 1:100 to reference them to 1800-sec dynamic
velocity pressure using well-known Durst curve (DURST, 1960).

Finally, repeatability tests were conducted with the three models to
validate the integrity of the measured data.

4. Experimental results and comparison

Experimental results reported in this section will be confined to the
local mean and peak force coefficients along the middle of the panels of
the considered arrays at inclination of 15°, which will be set against the
geometric test scaling — recalling that the 1:200 array is the most right-
ful model, in that it is the most fulfilling for the requirement governing
the model dimension and turbulence scale similarity. In this context, this
would allow consideration of pressures deemed to be relevant in design
provisions.

4.1. Mean and peak force coefficients

The impact of the geometric test scaling on the mean and peak
force coefficients is examined. Fig. 6 shows the variation of the mean
force coefficient (Cg) for modules positioned in the middle of the pan-
els against the wind direction considering a pressure tap at the mid-
dle. Generally, the spatial distribution of the mean force coefficients at
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Fig. 6. Variation of mean force coefficient (Cg) at the middle of the panel (denoted by E') of 1:200, 1:100 and 1:50 array versus wind direction.

the considered geometric scales show volatile patterns among the wind
direction.

Clearly, the modules of the front panel (A) of the smaller array ex-
perience a positive pressure for wind directions near perpendicular to
the building edge (0°, 15° and 30°); whereas, the panel of the large mod-
els (1:100 and 1:50) experience negative wind pressure. For wind direc-
tions 30° and 45°, the entire array at the considered scales experiences
positive pressure coefficients. With further changing the wind direction
(i.e., 60°, 75° and 90° winds), the negative mean pressure coefficients
appear on the modules of the downstream panels (E, F, G, H). For wind
directions from 105° to 150°, the entire array at the considered scales is
subjected to negative mean force coefficients. Similar observations were
found for wind directions 165° and 180°, but the windward panels (G
and H) of the 1:50 array experience positive mean pressure coefficients.

With emphasis on the mean force coefficient as it shows different
patterns among the considered scales for wind blowing straight into the
building edge (i.e., 0° and 180° winds), Fig. 7 presents the distribution
of mean force coefficient (Cg) for 0° wind direction on the full-scale lay-
out of the solar array. It is observed that the entire windward panel
(A) of the 1:200 array experiences a positive pressure; whereas the cor-
responding larger panels of 1:100 and 1:50 arrays experience negative
wind pressures. The leeward panels of the considered arrays experience
positive mean pressure with higher values shown on the larger arrays
(1:100 and 1:50). As a matter of fact, the negative mean force coeffi-
cients at scales 1:100 and 1:50 are declined rapidly on the windward
panels (A and B) and the positive mean force coefficients appear on the
downstream panels. On the other hand, the mean force coefficients of
the 1:200 array show less spatial distribution disparity among the pan-
els.

Indeed, the mean force coefficients show different patterns at the
windward panel for flow straight into the building edge (A for 0° wind
and H for 180° wind) - as illustrated in Fig. 6. However, for most pan-
els and wind directions, the observed mean force coefficients increase
with increasing the geometric test scaling. Generally, the mean force
coefficients of the 1:50 array show little agreement with the 1:100 re-

sults, most likely found within a factor of 1.4. The results obtained on
large arrays (1:100 and 1:50) approach poor level of concordance with
the 1:200 array for the wind directions considered, in that the mean
force coefficients are inflated by factors of 1.2-2.0 and 1.5-3.0, respec-
tively.

Fig. 8 shows the variation of the negative and positive peak force
coefficients of the panels’ middle module with the wind direction. As
shown, all panels of array scaled at 1:200 experience negative peak force
coefficients for all wind directions. Nevertheless, some panels of larger
arrays do not experience negative peak pressure coefficients, such as the
leeward panels (E, F, G and H) for 0° and 15° winds; and some mid-
dle panels for 30° to 60° winds. Thus, there is inconsistency in the spa-
tial distribution pattern of the negative peak force coefficients among
the scales considered for array orientation between 0° and 75°. There-
fore, the assessment of the negative peak pressure coefficients variability
among the considered scales are restricted to those from wind direction
ranging from 75° to 180°.

The negative peak force coefficients obtained on 1:100 and 1:50 ar-
rays have generally approached slight levels of concordance (i.e., within
a factor of 1.3) with the corresponding results obtained by 1:200 array
for wind directions 75°, 90° and 105°. For winds from 120° to 180°, the
results on the upstream panels (A, B, C, D and E) increase in magnitude
with increasing the geometric test scaling but the exact opposite pattern
is noted for the downstream panels (F, G and H). In general, the nega-
tive peak force coefficients obtained by 1:100 and 1:50 arrays are barely
below the level of acceptable concordance with results of 1:200 array,
showing an escalation factor ranging from 1.4 to 3.0 for the modules of
the panels A to E and a reduction factor up to 3.0 on the modules of the
panels F to H. On the other hand, the results of the 1:50 array for these
wind directions attain a slight concordance with a factor of about 1.3 to
the results of the 1:100 array.

With regard to the positive peak force coefficients, all panels of
the array at the considered scales experience positive peak pressure for
wind directions ranging from 0° to 105° — see Fig. 8. The positive peak
force coefficients generally increase with increasing the geometric test
scaling — except the modules of the front panel (A), where the posi-



H. Alrawashdeh and T. Stathopoulos

0° Wind

I
1
I
! © 1:200 a 1:100 = 1:50
I
I

o

\‘4
b boe e
[ T = T
»> [ ]
»

[ 1 J ®

[ 13

[ 13

43

\B
& [
o [=T E
=
-
-
»>
om

\C
b beos s
[ I =T
om
|
.
[ 3
-

\D
ttees
om
| ]
‘-
-
=3

\E

b beoe e

bbb W bh
oR
=
o
-
-

&
b boe
[N I = =]
-
»>
ol
]
-

\C
bbeoe
[ I = X
-
n
-
-

&
hoese
>
»>
-
-
-

5
+

Fig. 7. Distribution of mean force coefficients (Cr) for 0° wind among the considered scales
1:200, 1:100 and 1:50 (array layout in full-scale).

tive peak force coefficients of 1:100 and 1:50 panels are lower than co-
efficients of the 1:200 panel. Generally, the peak force coefficients ob-
tained on the 1:100 array approach a slight concordance with a 1.6
factor compared with the results of the 1:50 array. Also, the positive
peak force coefficients of the 1:100 array show significant concordance
(within a factor of 1.1) with the results obtained on the 1:200 array;
on the other hand, the results of the larger array show less concordance
with the results of 1:200 array - roughly greater by a factor ranging be-
tween 1.1 and 2.0.
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4.2. Extreme force coefficients

The extreme results for the mean, positive peak and negative peak
force coefficients, which represent the envelope values from the ac-
counted wind directions, will be examined and compared in the light of
relaxing the geometric test scaling. Indeed, the extreme results complied
with this definition are the most substantial values of pressure coeffi-
cients as they are deemed to be design coefficients by some wind codes
and standards (i.e., NBC, 2015; ASCE 7, 2016; and SEAOC, 2017).
Therefore, it is important to follow up and assess the impact of the geo-
metric test scaling on such values. Taking these measurements into con-
sideration, it is also important to examine the most critical wind direc-
tion at which the extreme values were developed in order to capture all
significant discussion points posed by the extreme force coefficients. In
this respect, Figs. 9-12 show the values of extreme positive mean, neg-
ative mean, positive peak and negative peak force coefficients in con-
junction with the corresponding most critical wind direction.

As illustrated in Fig. 9, the most critical wind direction for the ex-
treme positive mean force coefficients show great similarity among the
considered scales, where the extreme positive mean force coefficients of-
ten appear for wind directions ranging from 15° to 45°. The front-panel
(A) mostly experiences extreme positive mean force coefficients for wind
direction of 45°, subsequent panels (B and C) for 15°-45° winds, and
downstream panels (D, E, F, G and H) for 15° wind.

On the other hand, the extreme positive mean force coefficients in-
crease with further relaxing the geometric test scaling. As shown in Fig.
9, the extreme positive mean force coefficients obtained by the 1:200
array agree somewhat with the corresponding results obtained by the
1:100 and 1:50 arrays. Specifically, extreme mean force coefficients of
the front- and back-panels of the 1:100 array are 1.2-1.5 times higher
than the corresponding values of 1:200 results, while the results of the
1:50 array show higher factors (up to 2.0) compared with the results of
the 1:200 array. Also, the results over the middle panels (B to G) of the
1:100 and 1:50 arrays were found to be about 1.5 and 2.0 times larger as
compared with the results of the 1:200 array, respectively. Furthermore,
the extreme positive mean force coefficients experienced by the 1:100
array were marginally greater than the results of the 1:50 array with a
factor almost 1.1.

Fig. 10 presents the most critical wind directions for the negative
mean force coefficients, which appear to be consistent for the three
scales considered, all coming from wind directions ranging from 120°
to 165°. The upstream panels (A, B and C) experience extreme neg-
ative mean force coefficients for winds 150° and 165°, middle panels
(D, E, F and G) for 135°-165° and back-panel (H) for 120°-165° winds.
The extreme negative mean force coefficients of the front panels (A
to F) increase in magnitude with increasing the geometric test scaling,
and vice versa for the extreme negative mean force coefficients of the
back panels (G and H). The extreme negative mean force coefficients of
the front-panels’ modules of 1:100 array were significantly higher than
the corresponding modules of 1:200 array; and certainly, the measure-
ments of 1:50 array further worsened with the corresponding 1:200 ar-
ray. On the other hand, extreme negative mean force coefficients of the
back-panel modules (G and H) of 1:100 were respectively found to be in
a factor of 0.4 and 0.8 compared with the results of the corresponding
panels of the 1:200 array. Also, the results of the 1:50 array are found
within factors of 1.3 and 0.4 with the corresponding extreme negative
mean force coefficients of the panels G and H of 1:200 array, respec-
tively. Finally, the extreme negative mean force coefficients of the 1:50
array are within a factor of 2.0-3.0 compared with the results of the cor-
responding modules of panels (A to G) of the 1:100 array; whereas, those
of the back-panel of the 1:100 array are within a factor of 2.0 compared
with the results of the panel (H) of the 1:50 array.
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Fig. 8. Variation of negative and positive peak force coefficient (GC) at the middle of the panel (denoted by El) of 1:200, 1:100 and 1:50 array versus wind direction.

As presented in Figs. 11 and 12, the most critical wind directions
for the extreme positive and negative peak force coefficients show signif-
icant agreement for the geometric test scales considered. The front-panel
of the considered arrays experience extreme negative peak force coeffi-
cients for wind directions ranging from 30° to 60°, the upstream mid-
dle-panels (B and C) for 15° to 45° and the downstream panels (D, E, F,
G and H) for 15° and 30°. As also illustrated in Fig. 12, the most critical
wind direction for extreme negative peak force coefficients are evidently
generated for wind directions ranging from 120° to 165°.

On the other hand, the extreme positive and negative peak force
coefficients demonstrated pattern almost similar to the extreme mean
force coefficients; thus, they are visibly different among the considered
scales at varying degrees in accordance with the module location — qual-
itatively summarized with enlarging the size of the model as follows:
Under-designed front and back edge modules and overdesigned inte-
rior modules against the positive loadings; Under-designed back mod-
ules and overdesigned front and interior modules against the negative
loadings. For positive and negative loadings, the edge modules have re-
mained consistent among the geometric test scales. Certainly, the data
provided in Figs. 11 and 12 are useful to the designers to estimate the
possible discrepancies involved when using data originating from stud-
ies distorting scaling requirements for wind tunnel testing.

5. Conclusions

This paper concisely discusses the knowledge available on wind
loads on solar panels mounted on flat roofs and points out the disagree-
ment over the results of past studies in this area. In this regard, the pa-
per has introduced the experimental procedure implemented to exam-
ine the impact of relaxing the geometric test scaling on wind loads on
roof-mounted solar panels tested in atmospheric boundary layer wind
tunnel. Several tests were carried out on models at geometric test scal-

ing of 1:200, 1:100 and 1:50 in a fully developed atmospheric flow,
thereby providing two and half-, five- and ten-fold the rightful model
size.

Comparisons made to examine to what extent such experimental acts
affect the force coefficients confirmed that relaxing the geometric test
scaling results in:

Inflating the mean force coefficients, the front panels' negative peak
force coefficients and the positive peak force coefficients — results may
be conservative.

Lowering the negative peak force coefficients of the back panels — re-
sults may be unconservative.

Minimal influence on the most critical wind direction.

Overvaluing and undervaluing tendencies, depending on panel loca-
tion, of the design force coefficients, including extreme negative and
positive values with variations by a factor up to 3.5.

The present study recommends that caution needs to be exercised
when testing solar panels in ABLWTSs, that is ensuring the ratio of the
model height to the turbulence scale size shall be preserved constant
with natural wind. Beside setting that as a challenge, research to develop
a possible correction methodology would be of great interest.
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Fig. 9. Extreme positive mean force coefficient and the corresponding most critical wind direction for the tested models 1:200, 1:100 and 1:50 (array layout in full-scale).
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Fig. 11. Extreme positive peak force coefficient and the corresponding most critical wind direction for the tested models 1:200, 1:100 and 1:50 (array layout in full-scale).
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