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Abstract: The aerodynamic loading of four as well as of six tilted flat plates arranged in tandem and
in close proximity to the ground is examined through force and pressure measurements. In the four-
plate setup, conducted in an open-circuit wind tunnel, a movable floor is used to vary the ground
clearance, and a one-component force balance is employed to measure the drag coefficient Cd of each
plate for tilt angles 10° to 90° and for two head-on wind directions, 0° and 180°. An increase in the
ground clearance from 20% to 60% of the plates’ chord length, results in a Cd increase of over 40% in
the downstream plates, and up to 20% in the leading one. For tilt angles below 40°, the drag on the
first plate is up to 25% higher under the 180° wind direction compared to the opposite direction.
Pressure distributions are also presented on a series of six much larger plates, examined in a closed-
circuit wind tunnel at tilt angles +30°. While the windward surfaces exhibit relatively uniform
pressure distributions, regions of low pressure develop on their suction side, near the plates tips
leading edge, tending to become uniform streamwise.

Keywords: tilted plate; ground clearance; tandem configuration; drag; high angle of attack; plate
pressure distribution

1. Introduction

Increased global investments on solar energy sector [1] has resulted in worldwide installations
of large scale photovoltaic (PV) plants. Since PV panels are normally ground mounted in open terrain,
they are exposed to wind loads, which their supports have to be able to withstand. An appropriate
design of the panels’ support can reduce the initial investment by optimizing the quantity of the
construction material and increase the lifetime of the installation. Therefore, detailed knowledge of
the panel’s aerodynamic loading is of paramount importance for PV applications.

PV panels are mounted on metallic structures, tilted with an angle with respect to the horizontal
close to the local latitude, for best solar energy harvesting. From an aerodynamic point of view, PV
panels can be treated as wings of zero camber and constant thickness at close proximity to the ground,
exposed to a free stream of time dependent speed and direction. As such, the prediction of the flow
field is not an easy task. The wake interaction between the panel arrays, their finite aspect ratios and
the high angles of attack, make the problem even more complex combined with the influence of the
ground.

Due to both scientific interest and relevant economic implications, the aerodynamic loading of
PV panels has been examined by many researchers, both experimentally and numerically. However,
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due to the poly-parametric nature of the problem, there are still open questions that need to be
answered. Regarding the experimental studies, these are mainly conducted in wind tunnels so that
the characteristics of the incoming free stream are controllable, like its direction, the velocity spatial
distribution, turbulence level and frequency content. The panels are simulated by sub-scaled models,
which according to specific studies [2-4] do not influence the time average loading, but suppress the
peak loads as the model dimensions are reduced. The aerodynamic loads on the panel models are
estimated normally by pressure measurements at a number of points on the model surface [5-7] or
by use of a force balance [8]. In the numerical work [9], unsteady RANS (Reynolds Averaged Navier-
Stokes) are employed for the prediction of the flow over a series of five plates at a tilt angle of 25° and
at various wind azimuthal angles. In the latter work, it is mentioned that this kind of research is
necessary since there are no guidelines in the building standards, regarding the design loads of PV
panels, either ground or roof mounted. In [10], Large Eddy Simulations are performed for tilted plates
of various aspect ratios. In the same work, a good number of previous studies are mentioned, both
experimental and computational. In [11], a commercial CFD (Computational Fluid Dynamics) solver
is used for the flow study of ten tilted plates in tandem, and in [12], DNS (Direct Numerical
Simulations) are employed in case of two plates in tandem for various longitudinal distances and
ground clearances. In a recent work [13], field pressure measurements on PV panel arrays are
presented, at three points along the chord of the panels (leading edge, trailing edge and middle of the
chord) and at several stations along the spanwise length of the panel arrays. This work [13], including
a number of relevant publications, focuses on the unsteadiness of the panel aerodynamic loading and
the influence of the panel wakes interference on vortex shedding frequency as a function of the wind
direction.

A common conclusion of all previous studies, regarding the aerodynamic loading of a series of
tilted panels, is that the first windward panel is exposed to the highest drag force whereas the oblique
wind angles of 45° and 135° maximize the panel overturning moment. However, the effect of the
ground clearance (minimum distance of the panel from the ground) on the panel loading is not clear
since parameters, like the panel aspect ratio, the longitudinal panel distance and high tilt angles are
involved. As a result, the drag, in various publications, is reported to either increase or decrease with
the ground clearance [14]. In fact, even for the case of an isolated wing at close proximity to the
ground, the research is very limited and devoted to either small angles of attack for rectangular wings
(e.g., fora NACA 0015 airfoil [15] and for a NACA 0012 airfoil, [16]) or to higher angles for delta type
wings, examining the airplanes takeoff and landing phases [17].

In the present work, new experimental evidence is presented, regarding the influence of both
the ground clearance and the tilt angle for head-on winds (0° and 180°) on the aerodynamic loading
of four tilted plates in tandem configuration. In contrast to the majority of the published experimental
works on panel arrays, here an adjustable ground floor is employed in an open circuit wind tunnel,
so that the vertical distance of the lower part of the plates from the ground remains constant,
independently of the tilt angle. This detail is normally overlooked, which seems to be an important
parameter in order to properly correlate the applied aerodynamic forces with the tilt angle. Moreover,
the drag force is measured by a one-component balance, which is advantageous compared to
pressure measurements reported in many publications, since the measured force reflects both the
pressure and shear stresses (albeit the small values of the latter) applied on the plates. Based on this
new evidence, it is verified that increasing the ground clearance from 20% to 60% of the plates’ chord
length, the drag increases predominantly on the downstream located plates and in a lesser degree on
the first one. Also, changing the wind direction from 0° to 180°, the drag of the first windward plate
takes higher values up to a tilt angle beyond which the reverse occurs. The latter is attributed to a
discontinuity of the drag curve slope which appears at a tilt angle of about 50° for the 180° wind
direction, being quite evident for the smaller ground clearance of 20%. To the best of our knowledge,
the above are highlighted for the first time. Moreover, the three dimensional character of the flow is
revealed through pressure measurements conducted on a series of six much larger plates, in a closed
circuit wind tunnel. Thanks to a relatively dense grid of pressure taps, the evolution of the pressure
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field along the panel series is clearly captured, in contrast to the noisy data often reported in open
literature.

The findings of this work, expressed through the non-dimensional drag coefficient, highlight,
among other aspects, the strong influence of the ground on the panels drag and its dependence on
the sign of the tilt angle as well as the three dimensional character of the flow field. Furthermore, it
becomes evident that, from a fluid mechanics perspective, more research is required to better
understand the flow around flat surfaces at high tilt angles, whether isolated or arranged in tandem,
when placed in close proximity to the ground.

2. Models and Experimental Procedure
2.1. Four-Plate Set Up

A series of four tilted flat plates, one behind the other, was installed in a subsonic wind tunnel
(School of Engineering, Bahrain Polytechnic, Bahrain). Each of these plates was made of Plexiglas,
180 mm long (spanwise length) and 30 mm wide (chord length), namely their aspect ratio AR was 6.
The dimensions of the models were selected so that the projected area of the plates constituted a small
percentage of the wind tunnel cross-sectional area, and the tunnel’s force balance be able to record
the applied aerodynamic drag with good resolution. Moreover, as mentioned in [18], a typical PV
array is about 20 m long and 5 m wide, which under-scaled 100 times could be represented by the
present model. According to [2], under-scaled models can simulate successfully the mean
aerodynamic loading of tilted plates, while failing in reproducing its peak forces.

Each plate was supported by two horizontal bolts at a distance of 180 mm apart, allowing the
adjustment of the plate tilt angle a, from a = 0° (horizontal) to a = 90° (vertical), taking both positive
and negative values. The tilt angle was considered positive, when the angle between the leeward side
of the plates and the ground was acute (this refers to 0° head-on wind direction), and negative if its
windward side made an acute angle with the ground (this refers to 180° head-on wind direction).
Regarding ground clearance, namely the smallest distance of the plates from the ground, it was
adjusted by using a movable flat metallic plate (2 mm thick), positioned below the tilted plates and
supported by four bolts. By loosening or tightening the bolts, the metallic plate was displaced
vertically, far or towards the tilted plates. Figure 1 is a schematic of the plate series, showing the
ground clearance S1, the longitudinal distance between plates, S2 and the definition of the angle of
attack, a.

/////////////////////////////////
/////////////////////////////////

Figure 1. A schematic of the four-plate series with its basic dimensions (ground clearance-longitudinal distance)

and the definition of the angle of attack.

The experiments were conducted for thirteen tilt angles, +10°, +20°, +30°, +40°, +50°, +60°, 90°,
and two ground clearances, namely 6 mm and 18 mm or 20% and 60% of the plates’ chord length. It
should be noted that although the 90° case is not applicable in PV plants, it is examined as reference,
for comparison with isolated plates for which there is ample evidence in literature at this particular
angle. The experiments were repeated four times for each of the two wind directions, so that each of
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the four plates was mounted on the force balance, and for four free stream speeds U, namely 12.7
m/s, 18 m/s, 22 m/s and 25.4 m/s. However, it was realized that the drag coefficient was practically
invariable for 18 m/s and above. The Reynolds number, Re, for U = 18 m/s, based on the plate chord
length, was 3.6 x 10 It is noted that Re was calculated for an air temperature of 19°C which was kept
constant by an air-cooling system, with a deviation of no more than 1°C. The small influence of Re
on the drag coefficient is attributed to the fixed flow separation lines at the sharp edges of the plates
and the fact that the contribution of the shear stresses on the drag is small for this application. It is
noted that according to [19] a minimum Re of 5x10¢ is suggested for the experimental flow studies of
sharp-edged models to secure Reynolds independent results. In [20] more details are given about the
sensitivity of the mean and unsteady aerodynamic loading of sharp-edged components on Re.
Nevertheless, in the current study, the examined free stream speed of 25.4 m/s corresponds to Re =5
x 104, as suggested above.

The used wind tunnel, is an open-circuit suction subsonic wind tunnel with a test-section of 305
mm by 305 mm and 600 mm long. A Pitot-static tube, with an external diameter of 4 mm, was installed
at the entrance of the test-section to record the incoming free stream velocity. The tube was positioned
on the tunnel’s symmetry plane, 70 mm from the tunnel ceiling, to reduce the influence of the plates
on its readings, especially at high tilt angles. Another Pitot-static tube, with an external diameter of 2
mm, was installed close to the test-section exit, being outside of both the plates’” wake and the wake
of the upstream Pitot-static tube.

Using the second Pitot-static tube, the streamwise velocity distribution over the movable
horizontal metallic plate was measured at a distance of 480 mm from the plate’s leading edge, without
the presence of the plate models and for a free stream velocity of 22 m/s (see Figure 2). According to
[21] the measurement errors due to the presence of the tube is minimal, regarding the influence of
viscosity, due to the relatively high local Reynolds number (about 2000, based on the 2 mm tube’s
external diameter), namely much higher than the threshold of Re = 100 which holds for the Pitot
tubes. Moreover, the disturbance of the flow by the presence of the tube itself, which causes a
curvature of the approaching streamlines, is estimated to result in an upwards displacement of the
measuring points by 20% of the tube diameter or 0.4 mm (page 645 in 21]), which was taken into
account in the drawn profile of Figure 2.
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Figure 2. Velocity distribution at x = 480 mm.

According to Figure 2, the air boundary layer thickness is 40 mm (1.33 chord lengths) at the
examined location and the velocity distribution practically follows the 1/7th power law of turbulent
flows. It is noted that the maximum distance of the highest point of the tilted plates from the
horizontal metallic ground floor was 48 mm (for maximum ground clearance and a = 90°), and the
smallest distance 17.5 mm (for minimum ground clearance and a = 10°). More particularly, when the
drag of the first panel in the row was measured, this was located 240 mm downstream from the
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leading edge of the plate, where the boundary layer thickness, 0, is estimated (by employing the 1/7th
power law) to be (240/480)"0.8 = 57.43% of 40 mm, or & = 22.97 mm (0.76 chord lengths), as the
boundary layer thickness varies along the plate with a rate x"0.8 [22]. Therefore, for U = 22 m/s, the
lowest point of the first panel was located inside the local boundary layer, between 0.260 to 0.780,
and the highest point from 0.760 to 2.089, for various ground clearances and tilt angles. The
corresponding air speed at the lowest point of the panel was 0.82 U, according to the above power
law.

2.1.1. Blockage effect

The experimental findings from sub-scaled models, like in the present work, can be applicable
in full-scale applications through relevant non dimensional numbers, like drag, lift and moment
coefficients, which are based on a representative free stream velocity. Due to the limited space
between the wind tunnel walls, the free stream velocity U measured at the entrance of the wind
tunnel test section, does not correspond to the unlimited space of real applications, and it needs to be
corrected. More particularly, the presence of the model (solid blockage) and its wake (wake blockage)
cause an acceleration of the undisturbed flow around the model, as a consequence of the conservation
of mass in the smaller available cross-sectional area. Applying Bernoulli’s equation, the increased
speed causes a reduction of the static pressure both outside and inside the wake due to the minimal
transverse pressure gradient across the wake shear layers. The latter was verified by taking
measurements of the static pressure along a vertical line, which showed no significant change
between inside and outside of the wake.

For the case of the tilted flat plates, the pressure distribution in their wake is practically uniform,
especially at elevated tilt angles, so that a pressure reduction (due to blockage effect) downstream of
the plates is associated with an increase in drag. A remedy to this problem is the replacement of U by
an appropriate higher free stream velocity, say U. (U corrected), considering that U, is responsible
for the pressure distribution on the model’s surface.

A simple correction formula was suggested by (page 374, equation 10.22 in [23]):

Ue=U(1+0252) )

where S is the projected area of the model on the tunnel cross-section, and C, its cross-sectional area,
namely C = 930.25 cm?. The blockage ratio S/C, varied in the present work from 4.6% to 8% for the
isolated plate case, and from 6.1% to 9.8% for the four plate series. Therefore, for the maximum
blockage ratio 9.8%, the corrected free stream would be equal to 1.025 U, according to (1). However,
the latter speed increase was proved to be quite moderate, according to the readings of the
downstream Pitot-static tube which recorded speeds of the order of 1.1 U outside the wake.
Furthermore, drag coefficient data from the literature for isolated flat plates suggested that the
corrected free-stream speed needed to be higher than that of equation (1).

In the sixties, Maskell [24], proposed a correction formula, including the measured drag
coefficient, as follows

U, CaS Cq

(F)2=1+2.5T=C—dC )
where Cq is the measured drag coefficient, and Cq, is its corrected value. The above (2) formula
proposed by Maskell was based on an analysis of the flow field of flat plates at a tilt angle of 90°, by
employing continuity and momentum equations as well as C4 experimental data from wind tunnels
of various cross-sectional areas. The factor 2.5 in (2) was suggested by Maskell for three dimensional
bodies, and was adopted here. Based on (2), if the blockage ratio, for example, is 10% and the
uncorrected drag coefficient is 1, the corrected free stream value is 11.8% higher that the inlet speed
U. Similar increases in speed were recorded at high tilt angles by the downstream Pitot-static tube,
as well.
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2.1.2. Measurement Procedure

The drag coefficient C4 was calculated using as reference area, the area of the plate model A =
30 mm x 180 mm, the inlet dynamic pressure Py, controlled by the tunnel’s variable speed fan, and
the applied drag force F, measured by a one-component force balance, namely:

F

Cq = PoA ®3)

The dynamic pressure Py was measured by the Pitot-static tube at the inlet of the test section and a
differential pressure manometer, showing fluctuations within + 1.7% of the mean, based on data
collected in 20 s intervals (time duration of each force measurement) and 100 Hz sampling rate. The
sampling period of 20 s was decided following a trial and error procedure so that the measured time-
averaged force was stable. The maximum uncertainty in the drag coefficient is estimated to be + 0.05
based on repeated drag force measurements for several indicative cases. It is reminded that the drag
applied on the plate support alone was measured for each case and it was subtracted from the total
force (of the plate and its support). Regarding the error in the tilt angle, it is estimated to be no more
than + 1.5°.

2.2. Six-plate set up

Another study was undertaken in an attempt to reveal the three-dimensional character of the
flow field. In this case, the experiments were conducted in a much larger closed circuit subsonic wind
tunnel (National Technical University of Athens, Greece) of a cross-section 1800 mm (horizontal) by
1400 mm (vertical), focusing on the surface pressure distribution of six plates tilted at +30°. The plates
were made of wood, 1100 mm long, with a chord length of 200 mm (AR =5.5). Fifty-four (54) pressure
taps were drilled on each side of a panel (108 in total), covering its half surface. Nine taps were drilled
along the chord with a distance of 20 mm (10% of the chord length) at six spanwise locations, being
90 mm apart (8.18% of the spanwise panel length), starting from the midspan section. The closest
distance of the taps from the panels edges in the spanwise direction (panel tips) were 8.18% of the
span length, and from the leading and trailing edge, 10% of the chord length, respectively. The
locations of the taps are shown in the schematic of Figure 3.

Panel 5

Panel 3

Panel 2
Sensor area

Panel 1

“Panel 4

~Panel 3


https://doi.org/10.20944/preprints202505.0095.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2025 d0i:10.20944/preprints202505.0095.v1

7 of 19

Figure 3. Six-plate set up. Pressure tap locations shown with black dots. Upper part, a = + 30°, lower part, a =-
30°.

Each pressure tap was connected to a pressure scanner (Furness Controls, model FC5421) and
the pressure p was subtracted from the free stream static pressure P, to determine the local pressure

coefficient Cp = (P~ Po / Py The six panels were installed in the test section with a distance of two

chord lengths apart and a ground clearance of 20% of the chord. The free stream velocity was 25 m/s
and Re = 2.5 x 10°. For each tilt angle (+30° and -30°) the experiment was run six times, so that the
instrumented panel (with the pressure taps) was positioned at the locations of all six panels. The
pressure signal was digitized with a frequency of 100 Hz and the sampling period was 15 s. It is
reminded that the inlet free stream was uniform (within 2% of the mean) with a turbulence level of
0.2%, measured by a single hot-wire anemometer, and the wall boundary layers had a thickness of
less than 20 mm.

3. Results

Drag force and pressure measurements on flat tilted plates were conducted in two wind tunnels
for two head-on wind directions (0° and 180°). Drag measurements on a series of four plates as well
as on an isolated plate were taken place in the 305 mm x 305 mm wind tunnel, varying the tilt angle
from 10° to 90°. Thus, it was possible: a) to make comparisons of the present findings on a tilted
isolated plate with relevant data from literature, and b) to quantify the influence of the downstream
located plates on the first wind ward plate, for the case of the plate series. The drag coefficients
presented below are the corrected ones, following equation (2).

Regarding the pressure measurements, these were conducted in a larger (1800 mm x 1400 mm)
wind tunnel, for + 30° tilt angles, on six plates in tandem, in order to reveal the three dimensional
character of the flow field. Due to the small blockage (4.4%) of this case, no corrections were made
for the pressure coefficients.

3.1. Isolated tilted panel

Figure 4 shows the drag coefficient of an isolated plate, for positive and negative tilt angles, in
the interval 10° to 90° and two ground clearances, 20% and 60% of the plate chord length, respectively.

1.4 — 1.4 —
i Positive tilt angle o i Negative tilt angle o
® ® @®Clearance: 20% ® ® ®Clearance: 20%
129 |o o oOclearance: 60% ® 1.2 |o D OClearance: 60% o .
] v . .
= s z v
g ] 4 "]
. 0.8 — L 0.8 —
5 * T a
8] : §,0]
o 0.6 — ® o 0.6 — a
g - g -
s 0.4 E e 0.4
0.2 — 0.2 —
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Tilt angle (°) Tilt angle (°)

Figure 4. Isolated plate drag coefficient. Ground influence at positive and negative tilt angles.

As expected, the drag increases with the tilt angle, as it happens with all types of airfoils, and
maximizes at 90°, with its rate being reduced beyond 60°. In the same figure, the influence of the
ground clearance on Cq is shown to be systematic for the positive tilt angles, exhibiting higher
values, up to 15%, at increased clearance.
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It should be noted that C4 values are also dependent on the panel aspect ratio, increasing
monotonically with it. In the numerical work [10], the static pressures at the leeside of the plate are
shown to be reduced with increasing AR, causing an increase in drag, while the length of the
recirculation zone is extended downstream, covering a distance of several chord lengths. According
to Figure 3 of [8] which includes Cq flat-plate data from various references at a tilt angle a = 90°, the
drag coefficient for an aspect ratio of 6 (the same AR as in the current work) is shown to be between
1.15 to 1.25. For the same angle (a = 90°), the following formula is proposed in [8]:

1
Cq =1.07 + 0.021(AR + — 4
4= 107+ 0.021(AR + 1) @

which, for AR =6, Cq =1.199 like that measured here (Cq = 1.195) for the 20% clearance case, and
7.9% lower for the 60% clearance (Cgq = 1.294). Nevertheless, as it is explained in [8], the authors
express their concern whether the data of some references, which they used to end up with the above
formula, were corrected or not due to the blockage effect. In another experimental work [25] for AR
=6and a=90°, Cgq =1.22, for Re =1.14 x 10* (Table 1, [25] of Okamoto and Azuma, 2011). In the latter
work, the influence of the tip vortices is shown to be significant for tilt angles between 30° and 60°,
causing an increase in drag for these angles, especially for small aspect ratio plates, namely for AR <
4.In [14], it is mentioned that the tip vortices at the panel edges are reduced in strength for AR above
2, causing a reduction of the stall angle and an increase in drag.

In contrast to the positive tilt angles for which Cy4 increases systematically with the ground
clearance, its influence is weaker when the angles are negative up to a = -30°, as shown in Figure 4.
However, for a =-60°, Cq is about 10% higher compared to the 20% clearance. It is also interesting
to note that the Cgq curve exhibits a discontinuity of its slope between-40° and-60°, showing a local
minimum. A consequence of the latter slope change is that the Cyq curves for the positive and
negative angles cross each other (Figure 5).

14— Clearance:20% 1.4
4 |@ B OPositive angle b Clearance: 60% n
1.2 — ¢ ¢ ¢ Negative angle - 12 O O 0OPositive angle
- ¢ & & Negative angle Ps
4 . = o
1 1 o
£ "} T | *
) b )
3 'y S .
= 0.8 — o & 08—
=
] o * o i A
3 3
g, 0.6 — * =] %’ 0.6 - *
< E =]
5 0.4 = E 0.4
4 )
0.2+ 0.2 —
g T T T T T 1 11 ¢ T T T T T T T 1
0 10 20 30 40 50 &0 70 80 90 Q0 10 20 30 40 50 60 70 80 90
Tilt angle (°) Tilt angle (°)

Figure 5. Isolated plate drag coefficient. Comparisons between positive and negative tilt angles.

Therefore, when the clearance is 20%, the Cq values for the negative angles are higher (up to
25%) compared to the positive, up to a certain tilt angle. However, a further increase in the tilt angle,
the reverse appears. This symmetry of the drag variation, between the positive and negative angles,
has been predicted in (Miller and Zimmerman, 1979) [26] employing a panel method for the
simulation of the plate’s separated shear layers, and doublets to satisfy the no penetration condition
on the ground plane. More particularly, in Figure A-26 of [26], where the Cy variation is presented
versus the tilt angle in the interval 0° to 180°, it is shown that when the plate approaches the ground,
its Cq value becomes smaller for the positive angles compared to the negative angles.

The higher Cq4 values of the negative tilt angles were also measured in [7] for an isolated tilted
plate, with a 50% clearance (Table 2, [7]). Similarly, in Figure 4.4 of [14] for a flat plate of AR =2 and
20% clearance, the Cq value is shown to be 0.45 for a =30°, and 0.60 for a =-30°, namely 33% higher.
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For a = 30° in the present work, similar differences were recorded for Ca, namely 0.60 and 0.73 (or
21.6% increase), despite the higher values which are probably attributed to the panel larger aspect
ratio. However, for the larger ground clearance of 60%, the Cq difference between the positive and
negative angles is reduced, as shown in Figure 5 and verified in [14].

3.2. Four plates in tandem-Drag measurements

In the case of four plates in tandem configuration, with a longitudinal distance of two chord
lengths between adjacent plates (leading edge to leading edge distance), the drag coefficient of the
first windward plate is maximum, while in the second it takes the smallest values, as depicted in
Figure 6. The Cq of the first plate increases with the tilt angle, like in the isolated plate (apart from
lower values), in the second there is a tendency to be reduced with the plate inclination, taking even
negative values, whereas in the third and fourth plate, the Cq, variation is small, with its values being
between that of the first and the second panel. In the first panel, Cgq, varies approximately from 0.30
to 1.25 for all the examined tilt angles and clearances. For photovoltaic applications that the maximum
tilt angle is 60° (corresponding to a latitude of 60°), the Cq for the first plate takes a value of about 1
for the 20% clearance, and 1.1 for the 60% clearance.

Clearance: 20%-positive angles Clearance: 20%-negative angles
14— ® @ @& Firstpanel 14— ® @& & Firstpanel
A A aSecond panel . A A A Second panel
12 © ¢ ¢ Third panel 12 < < ©Third panel
) + + + Fourth panel [ ] ) + <+ <+ Fourth panel ®
- ® -
1 1 °
L ]
€ 08+ ° T 0.8 L
] 2 [ ]
2 L
£ 06— . £ 06— °
] 7] PY
Q Q
O 0.4 LJ O 0.4 .
o o
£ 0.2 ¢ + £ 02 +
a 0.2+ [ + ¥ a b4 +
$ 2 3 ¢ ° £ ¢ 2 8 5 o e
0— A 0—
A
A A A
0.2 =— 0.2 —
MT—T—TT 7 T T T T 1 MTT T T T T T T T 1
Q 10 20 30 40 5 60 70 380 90 [} 10 20 30 40 50 60 70 380 90
Tilt Angle (°) Tilt Angle (°)
Clearance: 60%-positive angles Clearance: 60%-negative angles
® @ @®First panel & ® @First panel
14— | 4 4 Second panel 14— |4 & 4 Second panel
< © ¢ Third panel * © < < Third panel °
12—- |+ * + Fourth panel 12 |+ + < Fourth panel
* L ]
1 ® 1 -
]
- Y -
0.8 — -
@ £ 0.3 .
o L J 3] [ ]
% 0.6 — £ 06—
=] L ] 3 ®
QO 0.4 = . ©Q 04+
o = [
& ¢ % = ¥ + 5 +
pid
a0z 2 % ¥ & 8 024 g + £ 3 % % o
A A L
0= A 0 A
A 4 A
- 0.2 - A
0.2 A 0.2 A
T T T T T T T T 1 MTT T T T T T T T 1
0 10 20 30 40 S50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Tilt Angle (°) Tilt Angle (°)

Figure 6. Four panels. Drag coefficient of each plate versus tilt angle and ground clearance.

The drag coefficient of the second plate varies in the interval-0.25 to + 0.20 for the examined tilt
angles, whereas of the third and fourth plate, from 0.10 to 0.35. Therefore, the Cq variation interval
of the first plate is twice that of the second and four times of the third and fourth, for angles 10° to
90°.

The small Cq values of the second plate are due to the sheltering effect of the wake of the first
plate as the fluid is retarded. Moreover, the small static pressures in the lee side of the first plate,
influences the drag of the second, changing its sign at high tilt angles. Similar variation of the Cq,
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has been reported by several experimental and computational studies. For example, in the
experimental work of [5], where the drag was measured (based on pressure measurements) in a
number of tilted panels, the drag force dropped largely in the second panel, and after its small
recovery in the 3rd and 4th, it remained practically invariant up to the 10th panel. An increase of the
longitudinal distance of the panels was also reported to be associated with an elevation of the Cq
values for all downstream panels. This behaviour is explained in the numerical work [27] in which
the pressure distribution between four panels in a row is presented for various values of their
longitudinal spacing. Namely, for the smallest distance, low static pressures appear in the passage
between the first and the second panel, whereas increasing this distance, low static pressures appear

only at the lee side of the first plate, thus elevating the Cq values.
14 14
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Figure 7. Four panels. Drag coefficient along the plate series versus tilt angle and ground clearance.

It is interesting to note in Figure 7 that the ground clearance influences predominantly the
loading of the downstream plates rather than the first. Especially, when the tilt angle is positive (0°
wind direction), the drag is elevated more than 40% in the latter plates with increased clearance,
while in the first plate the Cy increases no more than 20% (see Figure 8).
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Figure 8. Drag increase (%) due to increased ground clearance (from 20% to 60%) for 0° wind direction.

Using as reference the drag of the first plate, Figure 9 shows the drag’s percentage change in the

rest of the plates. Namely, this figure shows the drag ratio of each plate to the drag of the first, on a
percentage basis.
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Figure 9. Percentage variation of drag ratio along the plate series versus tilt angle and ground clearance.

Based on Figure 9, the drag on the first plate is at least twice of the rest and especially, compared
to the second, its drag becomes in some cases even twenty times larger (e.g., at a = £30° and +40°).
Increasing the tilt angle, the drag difference of the first plate from the rest becomes larger due to the
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fact that the Cq of the first plate increases, of the second decreases while that of the third and fourth
plate changes slightly.

The drag applied on an isolated plate and that of the first, versus inclination angle and clearance
is shown in Figure 10. The general trend is the drag on the first plate is smaller than that of the
isolated, especially when the tilt angle is negative and the clearance is 20%, for which a maximum
difference of 15% is observed.
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Figure 10. Drag coefficient of first plate and of an isolated plate versus tilt angle and ground clearance.

3.3. Six plates in tandem-Pressure measurements

The distribution of the time-averaged pressure coefficients for the six-plate case is shown in
Figure 11 for both the front side (pressure side) and back side (suction side) of each plate. The
dimensions are in cm, and the origin of the figures’ vertical axis corresponds to the upper edge of the
panels. The colour bar refers to Cp values and its range has been adjusted for each case so that the
details of the pressure distribution are better illustrated. The presentation of the data was based on
the linear interpolation routine of MATLAB ‘interp2’ using a grid of a 10 mm step along both
directions (spanwise and chordwise) and assuming symmetric pressure values with respect to the
mid span chord.

As expected, the pressure at the front side of the first windward plate is maximum for both wind
directions (0° and 180°), due to the stagnation point region, taking higher values at a =-30°, compared
to + 30° due to the ram pressure effect, as a result of the ground influence. For a =-30°, the pressure
takes higher values at the upper edge of the plate (where the stagnation point is located), whereas for
a =+30° higher pressures appear at the lower side, for the same reason. Nevertheless, in both cases,
the pressure drops from the leading to the trailing edge due to the flow speed acceleration.

Regarding the backside of the first windward plate, the pressure drops sharply due to flow
massive separation at its sharp edges and the local fluid high speed, with Cp taking negative values
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around -0.70 for both wind directions. According to [24] the back pressure in the wake of flat square
plates at a = 90° was reported to be -0.59 for a solid blockage ratio of 4.5% (here the blockage ratio is
4.4% and a =+30°), and in (page 3-16, [28]) a value of -0.42 is mentioned as representative figure from
various publications. It should be noted that, due to the absence of pressure taps near the panel edges,
no information could be obtained for these specific regions where, as is well known, low pressure
values typically appear.

The evolution of the flow in the downstream panels is characterized by: a) relatively uniform
pressure distributions on the pressure side, and b) areas of local pressure minima at the suction side
near the leading edge, extending towards the panel tips. As a result, these regions appear at the lower
edges of the panels for a = +30°, and at the upper edges for a = -30°, expanding both chordwise and
spanwise. Therefore, PV modules located at the edges of a panel array suffer by higher aerodynamic
loading as it has been reported in literature e.g., in [5], c) the Cp values are negative at both sides of
the plates, with the higher absolute values at the suction (back) side, d) major streamwise pressure
variations occur between the first and second plates, while in the rest, there is a tendency for the
pressure spatial variations to be smoothed out.
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Figure 11. Measured pressure coefficient distributions at both sides of the plates for a tilt angle of 30° and two
wind directions (0° and 180°). Dimensions are in cm. (a) a = + 30°, windward side, b) a = + 30°, suction side, ¢) a

=-30°, windward side, d) a =-30°, suction side.
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Based on the pressure data, and assuming negligible wall shear stresses, the drag coefficients
are presented in Figure 12 along with those of the smaller plates for the same ground clearance of
20%, showing similar trends. It has to be noted that the absence of pressure data close to the tip edges
as well as close to the leading and trailing edge, may affect the calculated drag coefficients.
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Figure 12. Drag coefficient of small and large panels. Tilt angle = +30°, ground clearance of 20%.

4. Discussion

Despite the substantial body of literature on the aerodynamic loading of PV panels in tandem
configuration, it seems that there are still open questions, regarding e.g., the influence of the ground
and the flow direction, in case of head-on winds (0° versus 180°). The finite aspect ratio of the plates
causes the generation of tip vortices whereas the adverse pressure gradient due to the high tilt angles
leads to flow separation and vortex shedding. The vortical structures interacting with the ground,
influence the wake and consequently the forces applied on the plates in a way that is not clear enough.
A characteristic example is the case of an isolated tilted flat plate, the drag curve of which exhibits a
discontinuity at tilt angles between 25 © and 50° for small aspect ratios (AR < 2.5) ([8]). Furthermore,
in the present work, it is shown that the drag coefficient is a function of the tilt angle sign, taking
higher values for negative compared to positive tilt angles (namely for the 180° compared to 0° wind
direction) up to 40°, above which this is reversed. The latter two wind directions seem to influence
the wake of the plates, as it is shown in the numerical work [9] for a tilt angle of 25°, in which the
plates” wake in case of the 180° wind direction is shown to be wider (in a horizontal plane) compared
to the 0° wind direction. In the numerical work [15], the drag coefficient of a symmetric airfoil (NACA
0015) is shown to vary asymmetrically about the zero angle of attack for a ground clearance of 10%
and for angles between +13°, whereas for a NACA 0012 wing, details about the tip vortices at close
proximity to the ground are found in [16] but only for a tilt angle of 10°. Interesting findings with
regard to the ground influence on the loading of tilted flat plates of AR =1 and 2 are presented in [14].
However, measurements in the wake of a series of plates at high tilt angles at close proximity to the
ground are missing from literature. In fact, measuring the velocity distribution in the symmetry plane
in the wake of the present four-panel set up did not reveal the cause of the drag behavior. A typical
example is illustrated in Figure 13, showing the vertical distribution of the streamwise velocity
component, three chord lengths downstream of the plate series for a = -50° and for two ground
clearances, 20% and 60%, with Cq values of the first plate being 0.806 and 0.885, respectively. The
vertical axis in Figure 13 is the vertical distance from the upper edge of the panels, and ucdge (in the
horizontal axis) is the fluid speed at the edge of the wake. In both cases, the edge of the wake is


https://doi.org/10.20944/preprints202505.0095.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2025 d0i:10.20944/preprints202505.0095.v1

15 of 19

located about two chord lengths, above the upper edge of the plates, and the flow speeds of the
smaller drag case are higher, as expected.

®—®—® 20% clearance
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0
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0.2 0.4 0.6 0.8 1
u/u g,

Figure 13. Wake streamwise velocity profiles, for a =-50° and two ground clearances.

Figure 14 presents comparisons of the present study with the data from two previous
publications: [11] and [9]. The first study is a numerical analysis of the flow field over an array of ten
PV panels set at 14° angle of attack, with an aspect ratio of 2.015, a longitudinal spacing of 2.38 chord
lengths, and a ground clearance of 53.4%. Three inlet turbulence intensities ranging from 10% to 30%
were considered, with the lowest value of 10% used for comparison in the present work. The second
study ([9]) also investigates the flow field, but over five panels, arranged at a 25° angle of attack, with
an aspect ratio of 8.9, a longitudinal spacing of 1.6 chord lengths, and a ground clearance of 24.5%.
For comparison with [11], the data of the present study for 60% ground clearance are used, which are
closer to the 53.4% of [11]. Conversely, for comparison with [9], the data from the 20% clearance case
are used, as they more closely match the 24.5% clearance reported in [9]. Linear interpolation was
applied to the drag data from the present study to estimate the values corresponding to angles of
attack of 14° and 25°, respectively. Among the two references, the results of the present work align

more closely with those of [9], likely due to the more comparable aspect ratio between the panel
configurations.
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Figure 14. Drag coefficient comparisons with literature.

5. Limitations of Present Work

It has to be stressed that the main objective of this work was to present new evidence regarding
the ground influence on the aerodynamic loading of tilted flat plates and also to highlight the lack of
data about the wake structure of tilted plates in tandem, in close proximity to the ground. Published
relevant works are normally numerical simulations showing details of the flow field only at the
midspan plane, not giving details on the 3D flow behavior. On the other hand, in a recent PhD
dissertation [14] very interesting information is included about the influence of the ground on the
aerodynamics of isolated plates of small aspect ratio. Therefore, there is a need for further exploring
the ground effect on tilted plates in tandem.

Although only the drag force was measured in the present work, a good estimate of the lift could
be obtained by assuming that the wall shear stresses are minimal, or equivalently that the
aerodynamic force is perpendicular to the panels. In this case, the drag to lift ratio is equal to the
tangent of the tilt angle from which the lift can be extracted. In fact, the same assumption is made in
the majority of the publications in which the pressure distribution is used for the estimate of the panel
loading.

No attempt was made to simulate the wind characteristics of a real PV plant, regarding the
incoming free stream spatial variation and frequency content. In this respect, the free stream speed,
in the current work, followed the 1/7th power law in the four-panel configuration, whereas in the six-
panel case, the inlet free stream was uniform. Therefore, the present findings can be used as a data
source for comparisons with numerical simulations which are quite demanding mainly due to the
panel wake interactions.

6. Conclusions

Drag coefficients Cq were measured on an isolated tilted flat plate as well as on a series of four
plates in tandem, of aspect ratio 6, with a longitudinal separation of two chord lengths and for two
ground clearances, 20% and 60% of the chord length. The tilt angles varied from 10° to 90°, being
positive and negative, referring to 0° and 180° head-on wind directions, respectively. Pressure
measurements were also conducted on a series of six larger plates, revealing the three dimensional
character of the flow.

Basic conclusions with regard to the four-plate series are as follows:

- A local minimum of the Cq curve slope appears for the 180° wind direction, between 40° and
60° tilt angles, for both the first plate as well as an isolated plate. As a result, the Cq for the 180° wind
direction is higher (up to 25%) compared to the 0° wind direction, for tilt angles smaller than 40°.

- Ground clearance increase is associated with an increase in Cy, especially in the downstream
located plates (from 2nd to 4th) by more than 40%, and up to 20% for the first plate, being more
evident at positive tilt angles (0° wind direction).
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- The Cq distribution along the plate series starts with a maximum value on the first plate (at
least twice compared to the rest of the plates), it drops to the second, it makes a small recovery to the
third and it drops slightly to the fourth.

Regarding the pressure measurements on the six-plate series, the following were revealed:

- Pressure distributions are relatively uniform on the pressure side, in contrast to the suction
side, where pressure minima (high negative values) occur at the leading edge region, far from the
mid-span. A practical implication of this, is the increased loading of the PV modules located at the
edges (in the spanwise direction) of a PV array, either at the lower part (in case of a 0° wind direction)
or its upper part (in case of a 180° direction).

- With the exception of the pressure side of the first windward plate, the pressure coefficients
are negative on all plates, exhibiting higher absolute values on their suction sides. Consequently,
there is pressure recovery in the passage between neighbouring plates, being more pronounced
between the first and the second. In the remaining plates, there is a tendency for the pressure spatial
variations to be smoothed out streamwise.
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