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ABSTRACT
The purpose of this research is to study the aerodynamic behaviour of hyperbolic
paraboloid roofs. In this paper, PIV (practicle image velocimetry) tests and CFD
(computational fluid dynamic simulations) are described in order to compare results.
Wind tunnel tests are performed and pressure coefficients are evaluated, too. The
comparison between PIV tests and CFD simulations are only finalized, in this phase of
work, to observe the vortex dimension and the field flow. CFD simulation use a
Reynolds stress turbulence model. Coefficients on complex shapes such as hyperbolic
paraboloids (Hp), the surface most used for these kind of structures. Therefore, the first
phase of this research is the develop an optimized procedure of preliminary designs for
cables structures; in the second phase a sample of geometries is studied in wind
tunnel. In this paper, wind tunnel tests results on hyperbolic paraboloid roofs with
square and rectangular shape of footprint, are described.
1. INTRODUCTION
This paper aims to illustrate the results obtained with a comparison between an
experimental test of PIV type (Praticle Image Velocimetry) performed in wind tunnel
and a computational fluid dynamics (CFD) simulation performed on full-scale model
with the Reynolds stress turbulence model (RSM). An hyperbolic paraboloid roof with a
square footprint is analyzed in order to compare only the size of the vortices and the
field of vectors velocity. The hyperbolic paraboloid shape is chosen in order to obtain
details to design tensile structures that have load bearing cable with an upwards
curvature , and stabilizing cable with a downwards curvature. The model tested has a
scale of 1:100, the sides are equal to 80 cm, the sags are equal to 4.44 cm (load
bearing cables with an upwards curvature) and 8.89 cm (stabilizing cables with a
downwards curvature).
2. PARTICLE IMAGE VELOCIMETRY TEST
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Particle image velocimetry (PIV) is an optical method of flow visualization used in
education and research. It is used to obtain instantaneous velocity measurements and
related properties in fluids. The fluid is seeded with tracer particles which, for
sufficiently small particles, are assumed to faithfully follow the flow dynamics (the
degree to which the particles faithfully follow the flow is represented by the Stokes
number). The fluid with entrained particles is illuminated so that particles are visible.
The motion of the seeding particles is used to calculate speed and direction (the
velocity field) of the flow being studied. Other techniques used to measure flows are
Laser Doppler velocimetry and Hot-wire anemometry. The main difference between PIV
and those techniques is that PIV produces two dimensional (as in this case) or even
three dimensional vector fields, while the other techniques measure the velocity at a
point. During PIV, the particle concentration is such that it is possible to identify
individual particles in an image, but not with certainty to track it between images. When
the particle concentration is so low that it is possible to follow an individual particle it is
called Particle tracking velocimetry, while Laser speckle velocimetry is used for cases
where the particle concentration is so high that it is difficult to observe individual
particles in an image. (Svizher 2006). The PIV apparatus used consists of a camera
(normally a digital camera with a CCD chip in modern systems), a strobe or laser with
an optical arrangement to limit the physical region illuminated (normally a cylindrical
lens to convert a light beam to a line), a synchronizer to act as an external trigger for
control of the camera and laser, the seeding particles and the fluid under investigation.
A fiber optic cable or liquid light guide may connect the laser to the lens setup. PIV
software is used to post-process the optical images. The apparatus used is illustrated
in Fig. 1. (Arroyo 2008), (Melling 1997).
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Fig. 1: Acquistion system (a) digital camera (b) Laser Quantel Brilliant (c) PIV
2000 processor (d) work station (e) Smoke Generator (f)

In Fig. 2 some phases of test are illustrated; at first is important to acquire the
dimension of model and to transfer it to virtual model of simulation. Secondly, the digital
camera is positioned on a binary. The camera will acquires three different parts of
model. (Rizzo 2011).
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Fig. 2: Model metric scale acquisition (a) Digital camera positioning (b) General
overview (c) Laser sheet (d) Laser sheet during the test (e)

Finally an artificial smoke is introduced in the wind tunnel and a laser light defines the
section to scan. The wind velocity is equal to 11 m/s and the acquisition frequency is
equal to 15 Hz; the interrogation area dimensions are equal to 32 by 32 pixels. The
maximum dimensions of a digital photo acquired are 20 cm by 20 cm. For each section
of model, three photos are acquired. (Rizzo 2012).
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Fig. 3: Section 1 - acquisition 1 - 2 - 3 (a) Section 2 - acquisition 4 - 5 - 6 (b)
For each acquisition, PIV method permits to see the velocity field as a map and with
the field streamlines; the vorticity field is plotted, too.
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Fig. 4: Acquisition 1: Instantaneous flow frame (a) Field of velocity (m/s) – vector map
(b) Streamlines of velocity field (c) Streamlines of vorticity field (d)
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Fig. 5: Acquisition 2: Instantaneous flow frame (a) Field of velocity (m/s) – vector map
(b) Streamlines of velocity field (c) Streamlines of vorticity field (d)
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Fig. 6: Acquisition 3: Instantaneous flow frame (a) Field of velocity (m/s) – vector map
(b) Streamlines of velocity field (c) Streamlines of vorticity field (d)
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Fig. 7: Acquisition 4: Instantaneous flow frame (a) Field of velocity (m/s) – vector map
(b) Streamlines of velocity field (c) Streamlines of vorticity field (d)
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Fig. 8: Acquisition 5: Instantaneous flow frame (a) Field of velocity (m/s) – vector map
(b) Streamlines of velocity field (c) Streamlines of vorticity field (d)
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Fig. 9: Acquisition 6: Instantaneous flow frame (a) Field of velocity (m/s) – vector map
(b) Streamlines of velocity field (c) Streamlines of vorticity field (d)
In Fig. 10 and in Fig. 11, the streamlines of velocity field of section 1 and 2 are
completely show. It is possible to note as the vortex in the separation zone and in the
exit zone are put in evidence. The comparison with the CFD simulation is done on the
basis of the dimension of vortices in the acquisition 1 and 3, 4 and 6.
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Fig. 10: Section 1- streamlines of velocity field (wind angle of 0°) - Acquisition 1 (a)
Acquisition 2 (b) Acquisition 3 (c)
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Fig. 11: Section 2- streamlines of velocity field (wind angle of 90°) - Acquisition 4 (a)
Acquisition 5 (b) Acquisition 6 (c)
3. COMPUTATIONAL FLUID DYANAMIC SMILUATION (CFD) WITH A REYNOLDS
STRESS MODEL (RSM)
A computational fluid dynamic simulation is done with the same model tested in
wind tunnel. In this case the simulation scale is a real scale. The sides dimension of the
footprint is 80 m, the sags are equal to 4.44 and 8.89 m. The footprint dimension of the
fluid three dimensional domain is equal to 800 m around the body immersed, about 400
m on and under the body. The domain is divided in 10 zones and for each zone a
different spacing dimension of element of finite volume is used. The smallest dimension
is equal about 1 cm around the body. The velocity is equal to 27 m/s evaluated for a
real case. The model of turbulence used to simulate is the Reynolds stress model
(RSM). The RSM is a higher level, elaborate turbulence model. It is usually called a
Second Order Closure. This modelling approach originates from the work by Launder
(1975). In RSM, the eddy viscosity approach has been discarded and the Reynolds
stresses are directly computed. The exact Reynolds stress transport equation accounts
for the directional effects of the Reynolds stress fields.
p.1 - wind direction:0° - section direction: 1
0.50

0,00
0

10

20

30

40

50

60

70

0.00

Pressure coefficents
[Adimensional]

-0,50
-1,00

cp

80

-1,50
-2,00
-2,50

0.00

20.00

40.00

60.00

80.00

-0.50

-1.00

-1.50

-2.00

-3,00

L [m]
cp,m

cp,max

(a)

-2.50

cp,min

L [m]

(b)
Serie1

Fig. 12: Experimental pressure coefficients trend in section 1 (wind angle of 0°) (a)
Pressure coefficients trend obtained with a CFD simulation with model viscous RSM, in
section 1 (wind angle of 0°) (b)

In Fig. 12 a comparison between pressure coefficients trend evaluated with wind tunnel
details and pressure coefficients trend evaluated with a RSM CFD simulation, in section
1, is show. Section 1 is the middle section parallel to stabilizing cables. It is possible to
note that the values obtained with the CFD simulation are similar with the minimum
values obtained in wind tunnel. The trend is very similar and the different of values is
equal to 15%. In Fig. 13 some images of CFD simulation are illustrated.
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Fig. 13: CFD simulation grid (a) Streamlines of pressure field (b) (c) Velocity vectors –
footprint (d) Velocity vectors - section1 (e) velocity vectors - section 1, separation zone
(f) velocity vectors - section 1, final zone (g)

CONCLUSION
In Fig. 14 a comparison between results obtained in wind tunnel and with CFD
simulation is shows, in order to put in evidence the similar dimension of the vortex in
the upstream and downstream zone.
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Fig. 14: PIV acquisition upstream view (a) PIV acquisition downstream view (b) CFD RSM acquisition upstream view (c) CFD - RSM acquisition downstream view (d)
It's interesting to note that the global phenomenon is perfectly reproduced with two
different methods of analysis; this is an optimal start point to create a virtual domain in
order to simulate individually different geometric configurations. However it is important
to precise that the CFD simulation is performed with about 240 hours of calculus with a
quad core and the precision of the continuity equation is stopped to 10-3. Instead the
wind tunnel test is lasted about 8 hours and the results are much more precise. With
values of Reynolds number equal to 10-7 - 10-9, it is very difficult to replace the wind
tunnel, but it is possible to have a very useful support instrument to study the
aerodynamic behavior of complex shapes.
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