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Abstract: Nowadays, more and more solar panel devices are
mounted on the roofs. In some particular situations, the
assessment of a structure in a higher energetic efficiency
category (passive/active houses) may lead to the case of
covering the entire roof with a system of photovoltaic
panels. In these circumstances, an experimental study for
testing the structural behaviour of the roof is mandatory to
accurately estimate the true wind load. In this paper is
presented an experimental setup based on two
configurations of roofs, both made with photovoltaic panel
systems, which are tested to wind actions. To maximize
precision, the roof scaled models were designed in 3D
modelling software and printed using a 3D printer. After the
models were printed, they were instrumented with strain-
gauge pressure sensors and prepared for the wind load tests.
Key words: solar radiation, PV panel, 3D printer, wind
tunnel, roof system.

1. INTRODUCTION

Given the rapid development of solar energy technology,
nowadays, there are increasingly more urban engineering
projects based on solar energy for producing electric
energy, domestic hot water supply and heating than ever
before [1, 2]. However, due to the high building density
in cities, in the near future, occlusion may reduce the
solar equipment annual efficiency to a financially
unfeasible degree. This issue can be addressed by
installing various solar-powered devices on building
roofs, or even by covering the entire surface of the roofs
with this equipment [3]. Since solar concentrating
systems usually have large windward surfaces and low
structural rigidity, focus on wind load effect on structural
design is needed to accurately estimate the true wind load
on integrated roof solar devices [4, 5].

This paper focus on the experimental equipment
required for testing several roof configurations loaded
in various wind scenarios. Also, it is discussed the roof
model selection method, the roof’s characteristics, the
3D printer setup for manufacturing the scaled testing
model and the simulation of wind field inside the
boundary layer wind tunnel.
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2. TEST EQUIPMENT

An experimental program has been developed in
atmospheric boundary layer wind tunnel (SECO 2) in
the Laboratory of Aerodynamics from the Faculty of
Civil Engineering and Building Services in lasi, with
the goal to evaluate the wind loading on two roof
configurations. The SECO 2 wind research facility
(Figure 1) consists in an open circuit boundary layer
wind tunnel, having a transversal section of 1.4 m x
1.4 m and a total length of 8.8 m. The wind mean speed
in the top part of the SECO 2 tunnel was limited at a
maximum of 7.5 m/s, and the turbulence intensity at
reference height was set in between the range 22% -
24%.

In the SECO 2 boundary layer wind tunnel the velocity
profiles and the turbulence structures can be generated
through various combinations of obstructions and
ground roughness. The latter are used to accurately
simulate the turbulent boundary layer flow of the
natural wind, specific to the characteristics of the
region where the construction is/will be located.

The SECO 2 boundary layer wind tunnel can therefore
be used to determine the real flow in the vicinity of the
building (e.g., to evaluate the wind loads) and to
measure the velocity fields for complex topographic
conditions (e.g., the flow around steep slopes).
Reliable simulations in the SECO 2 boundary layer
wind tunnel impose a correct growth of the boundary
layer and a scale models made of quality materials.
Mean velocity profiles, power spectra, turbulence
profiles and finally integral scales of turbulence can
provide essential information for the design stage only
if the data recorded from the tunnel is reliable.

The data acquisition system (DAQ), specifically
designed for the SECO 2 boundary layer wind tunnel,
consists in several items that allow the conversion of
the physical forces into digital values that can be
managed by a computer.



Fig.2. Sensors for boundary layer wind tunnels: a) Weight balanced sensors [12]; b) Pneumatic and hydraulic sensors [13];
¢) Electromagnetic sensors [14]; d) Spring sensors [15]; e) Strain-gauge pressure sensors [16]

According to previous wind studies, the components
comprise the DAQ and the selection of their properties
has an important impact on the overall system
behavior [6, 7].

The main components of the SECO 2 boundary layer
wind tunnel DAQ can be divided in two main
categories, as following:

» Mechanics:

Designed to ensure that no friction forces are occurring
and the monitored data are as close as possible to the
ones specific to the building location.

»Sensors or transducers:

The sensors are devices that convert the physical load
in an electrical signal. The capability of the sensors to
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measure the force depends on the properties of the load
and the sensor itself. The boundary layer wind tunnels
can be equipped with various sensors [8]:

e Weight balanced sensors (Figure 2a)

e Pneumatic and hydraulic sensors (Figure 2b)

e Electromagnetic sensors (Figure 2c)

e Spring sensors (Figure 2d)

e Strain-gauge pressure sensors (Figure 2e)

»The strain-gauge pressure sensors, also referred as
load cells, are the most common ones, being able to
generate the electrical signal trough the mechanical
deformation that causes the applied force. The
classical configuration consists in 4 strain gauges,
disposed in a Wheatstone bridge arrangement that



converts the deformation into electrical signals. This
configuration was chosen for the experimental set-up,
since previous test proved that is both sensitive and
accurate for classic and modern roof configurations [9,
10, 11].

» Electronic amplifiers:

The strain-gauge output signal is a weak signal of
around a few millivolts thus, its power was increased
by means of an amplifier in order to have a
distinguishable signal in the analog to digital
converter.

» Wires:

The electrical signal is transferred from the sensor to the
amplifier and from the amplifier to the sensor by means
of wires. The wires connected to the SECO 2 boundary
layer wind tunnel DAQ are high quality and efficient.

3. ROOF MODEL

The 3D printer used to create the scaled testing model
is Prusa i3 MK3 (Figure 3) [17]. The base and the Y
axis of the printer are made with aluminum extrusion
thus, eliminating the last of the structural threaded rods
from the Mendel design and allowing for more
complicated model designs [18]. During the printing
stages, the ambient temperature sensor confirms a
suitable environment temperature and detected no
overheated electrical connections on the main board.
The first step of any 3D printing process is the 3D
modelling. To maximize precision, the roof scaled
models were designed in a 3D modelling software [19,
20]. Once the models were created, the slicing
technique follows. Since the 3D printer cannot
conceptualize the concept of three dimensions, the
model was divided in layers in order for the printer to
create the final product. Using the Prusa slicing
software each layer of the roof models was scanned
and the printer moving paths were determined. Also,
the roof models “fill” degrees were imposed [21]. This
“fill” asses the roof models with internal lattices and
columns that help shape and strengthen the object.
Once the models were sliced, it was sent off to the 3D
printer for the actual printing process.

The printer acts generally the same as a traditional
inkjet printer in the direct 3D printing process, where
a nozzle moves back and forth while dispensing a wax
or plastic-like polymer layer-by-layer, waiting for that
layer to dry, and then adding the next level. It
essentially adds hundreds or thousands of 2D prints on
top of one another to make a three-dimensional object
[22].

The first roof configuration chosen was printed
directly as shown in Figure 4. On the other hand, some
testing 3D models are impossible to create in one
piece, due to their complexity.

Therefore, the second roof model was partitioned into
several simpler parts (Figure 5).
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Fig. 3. 3D printer Prusa i3 MK3 [17]

After the parts were printed, the second roof model
was fixed together.

For the testing models manufactured with the 3D
printer, the scale was 1:20. The printing material was
polylactic acid, also referred as polylactic acid or
polylactide (PLA). The latter is a thermoplastic
polymer made entirely from renewable resources (corn
starch, potato starch, sugarcane and tapioca). The PLA
used for the manufacturing of the roof models was
provided by the manufacturer in filament form, with a
diameter of 1.75 mm and possibility to connect
directly to the printer extruder [23].

The fill density was set at the value of 15% and the fill
pattern used was Gyroid (Figure 6) [24]. The length of
the infill anchor was set to 2.5 mm and the maximum
length allowed for it was 12 mm. More than that, the
top and bottom fill pattern used was monotonic and the
layer height was locked-in at the value of 0.15 mm.
The only difference was the first layer height, which
was set at 0.2 mm (the first layer is the most important
because it represent the mounting of the executed
model on the 3D printer printing base) [25].

4. SIMULATION OF WIND FIELD AND WORK
CONDITIONS

Considering the geomorphic characteristics of the
building location site in Iasi, the class C landform wind
field atmospheric boundary layer was simulated in the
wind tunnel with grids, wedges, baffles and rough
elements [27, 28, 29].

The wind speed profile is expressed by Equation 1:

V(zg) = Vo (C2)°
where, b

Z, — standard reference height [m];

1)



Vp — mean wind speed at standard reference height & — ground roughness index, in this study class C
[m/s]; landform is simulated, and the value of & is 0.22
Zy— height above the ground [m]; according to the building load code.

V(zg) — wind speed at height Zy [m/s];

Fig. 4. First scaled roof testing model

Fig. 5. Partition of the second scaled roof testing model
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Fig. 6. Printed polymeric Gyroid cellular structure [26]

The distribution of wind field turbulence intensity,

with height, is calculated using Equation 2:
I(zy) = Lol(zy) 2)

where,

1(zg) — turbulence intensity at height Zg;

l10 — nominal turbulence intensity at 10 m, which is

0.23 corresponding to the roughness of class C

landform;

0 — the same as in Equation 1;

I (zg ) — is the height above ground, Z4 divided by 10

and to the power of minus ground roughness index, -

0.

5. CONCLUSIONS

By performing the wind action study based on the
envisaged experimental set-up, viable conclusions can
be drawn regarding the behaviour of the roofs made
with photovoltaic systems loaded in various wind
scenarios. Upon these conclusions, the key ones may
refer to the effect of roof and solar panel pitches, the
optimum height-depth ratio and the recommended
width-depth ratio on the pressure coefficients for
different regions on the roof. Also, if necessary, fitting
formulas for pressure coefficients on each roof region
and pressure coefficient values for the design of roof
photovoltaic system may be proposed. Thus, the
design of the photovoltaic system roof shape and its
geometrical characteristics can be optimised in order
to avoid the apparition of roof zones susceptible to the
wind loads.
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