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Abstract—The flow filed around a flatted-roof compound has

been investigated by means of 2D and 3D numerioailations. A
constant wind velocity profile, based both on theximum reference
wind speed in the building site (peak gust speekeout for a 50-
year return period) and on the local roughnessficasft, has been
simulated in order to determine the wind-induceai®on top of the
roof. After determining the influence of the incamgiwind directions
on the induced roof loads, a 2D analysis of thetnsesere load
condition has been performed, achieving a numegaahtification
of the expected wind-induced forces on the PV paoaltop of the
roof.
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|. INTRODUCTION

URRENT trends in energy supply and use are patent

unsustainable, as well as economically, environailgnt
and socially. Without decisive action, energy-retaémissions
of CO2 will more than double by 2050 and increasdd
demand will heighten concerns over the securitsugiplies
[1]. Nevertheless, the rising concerns for the affeof the
increased amount of greenhouse gases in the atamespave
given solar photovoltaic (PV) industry a considéeapush
forward. Global PV capacity has in fact been insieg at an
average annual growth rate of more than 40% sif€® 2and
it has significant potential for long-term growthien the next
decades [1]. According to the last EPIA report, dobh®n
extensive analysis of five electricity markets (Fme,
Germany, Italy, Spain and the United Kingdom),
competitiveness with grid electricity can be ackiwn some
countries as early as 2013 and then spread atr@s®ntinent
in different market segments by 2020 [2].PV instiadins may
be ground-mounted (and sometimes integrated withnifey
and grazing) or built into the roof or walls of ailding,
known as Building Integrated Photovoltaics (BIPV).

Marco Raciti Castelli is a Research Associate & Bepartment of
Industrial Engineering of the University of PadoXa Venezia 1, 35131
Padova, Italy and a fluid dynamic specialist at ESPr.l., Via Cappello
12/A, 35010 San Pietro in Gu, ltaly (phone: 0039BP79239; e-mail:
marco.raciticastelli@unipd.it).

Sergio Toniato is an Executive and Design Manage&tSPE S.r.l., Via
Cappello 12/A, 35010 San Pietro in Gu, ltaly (ednsibniato@espe.it)

E. Benini is an Associate Professor at the Departn® Industrial
Engineering of the University of Padova, Via VemeZj 35131 Padova, Italy
(e-mail: ernesto.benini@unipd.it).

In the last years, BIPV have increasingly beeniipomted
into the construction of new buildings as a priatipr
ancillary source of electrical power, although &Rt
buildings may be retrofitted with BIPV modules aslw3].
However, as pointed out by Cosoiu et al. [4], thhecsure of
the PV panel is rather flexible, continuous andgifea
sustained only by a thin framework: these featureke it
easily damageable by high winds and, in order &vgmt such
events, wind engineering experimental tests and enigal
simulations are demanded if a more optimized arghpér
solution for a solar panel framework is required.

The complexity of the phenomena involved in the
experimental investigation of the flow field aroumdof-
mounted PV panels (and the consequent wind-indlmzads
RN the supporting structures) gives an accounhefuse of
é/omputational fluid dynamics (CFD) aimed at deteing the
main structures of the flow field (recirculation Hhles,
vertical air suction, vortices, three-dimensionaffe@s),
otherwise impossible to analyze. Several authocsifed on
the analysis of the flow field around buildingstuff-shaped
bodies [5] [6] [7].

Panneer Selvam [8] compared the computed pressure
coefficients on the Texas Tech experimental bugdimith
experimental results, using bothe and Kato-Launder ke
turbulence models and obtaining good agreement dagtw
numerical predictions and experimental measurements

Calhoun et al. [9] compared the numerical predicid a

P\/Reynolds-Averaged Navier Stokes (RANS) model with

experimental measurements of the flow field arcamdmplex
building for several incoming wind directions, find a good
reproduction of the mean dynamics of the flow figldd
ascribing some numerical errors to the recircuhatiortices
that resulted shifted in space with respect toethgerimental
measured ones.

Baskaran and Kashef [10] applied CFD techniquestHe
prediction of wind flow conditions around a sinddeilding,
between two parallel buildings and around a mutiplilding
configuration. Finally, a case study was presersedulating
an existing site together with the existing buigiand the
local landscape.

Yang et al. [11] conducted an experimental study t
quantify the characteristics of flow structures ainel resultant
wind loads (both forces and moments) on a high4risieding
model in tornado-like winds. A Particle Image Vefoetry
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(PIV) system was also adopted to conduct detalted field
measurements to reveal the evolution of the ungteadex
and turbulent flow structures around the test model

In order to develop a preliminary procedure taubed as a
guidance in selecting the appropriate grid confijon and
corresponding turbulence model for the predictibithe flow
field over a two-dimensional roof architecture doated by
flow separation, Raciti Castelli et al. [12] testbe capability
of several turbulence models to predict the searahat
occurs in the upstream sector of the roof and gension of
the relative recirculation region for different tieal
longitudinal positions, respectively from the upstm leading
edge to the downstream bottom edge of a referermaeim
building. Also spatial node distribution was invgated, in
order to determine the best compromise between mcehe
prediction accuracy and computational effort. Oa basis of
this preliminary study, Raciti Castelli et al. [13]L4]
numerically investigated the flow field over a Stched roof-
based integrated PV system, in order to determime
distribution of wind loads as a function of the phamow
position on the roof and the amplitude of the @mdation
region downstream the building. A solution for métiing
wind-induced loads on the panel rows was finallgpmsed,
achieving a significant reduction of the resultiortes acting
on the supporting frame of the PV panels.

Raciti Castelli and Benini [15] investigated théatie
pressure field on the top of a complex flat roofrbgans of a
3D numerical simulation of the flow field arouncetSMART
shopping centre in Galliera Veneta (Italy). A camstwind
velocity profile, based on both the maximum refesemvind
speed in the building site (peak gust speed wodwgdfor a
50-year return period) and on the local roughnesdficient,
was simulated, in order to determine the wind pres$oads
acting on a roof-based PV system. A full campaign
numerical simulations allowed to analyze the eff#cseveral
wind directions on the static pressure field on tibye of the
roof. In the present work, the incoming wind dirent(West-
East) causing the most severe load condition orndpef the
roof was examined through a 2D simulation of tlwvffield
around a vertical section of the building, deteingna
numerical quantification of the aerodynamic foreesing on
the supporting structure of the PV panels.

Il. THE CASE STUDY AND PREVIOUSWORK

The SMART shopping centre of Galliera Veneta isated
close to an industrial and commercial area plaaed avind
plain in northern ltaly. Figs. 1 and 2 show respety a
general aerial view of the geographical area antbse-up of
the building site, while Figs. 3, 4 and 5 show sonews of
the building, also evidencing the vertical secteamined in
the presented numerical simulations.

A full campaign of 3D simulations was already peried in
[15] by analyzing the effect of several incomingndi
directions on the static loads acting on the toghefroof, thus
determining the most severe wind-induced load d@rdion

the top of the roof as a function of the incomingdvsector.
As can be seen from Fig. 6, most of the roof apgkdo
experience low static pressure: this phenomenonasesbed
to a large separation zone occurring on the tapebuilding,
causing a wide recirculation bubble and consequentical air
suction on the roof elements. Being the recircatatiegion
connected with the severe impact of the velocitgdyprofile
to the lateral walls of the building, the vertif suction on
top of the roof resulted maximized when the imgaetween
the incoming flow and the lateral walls of the Winlg was
orthogonal (for North, South, West and East incgmivind
directions). For more detail about the 3D simulatiof the
flow field around the SMART shopping centre, seg][1

4 ad Qs s ¥ )
Fig. 1 Aerial view of the geographical area of thelding site
(evidenced by the red arrow)

Fig. 2 Aerial close-up of the building site (evided by the red
perimeter); the parking areas, located north, santhwest of the
complex are evidenced by the orange arrows, whéevértical
section examined in the 2D simulation is evidenmgthe dashed

yellow line

As can be seen from Fig. 7, representing the madaflihe

negative static pressure peaks on top of the Imgldis a

function of the incoming wind direction, the mostvere

vertical air suction on the PV panels was causedaby
incoming West-wind. The flow field around a WestsEa

vertical section of the building was therefore istigated in
the present work, thus demonstrating the feasibitift a
simplified 2D analysis in order to reduce the cotafianal
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time (with respect to a much longer 3D simulatianyl also to [16] the values of yo, &, G, ki, o and %, for the building site,
quantitatively investigate the distribution of agyoamic
forces along the top of the roof.

Fig. 3 South-West view of the building

Fig. 4 West view of the building; the vertical dentexamined in the
2D simulation is identified by the dashed yellowame

Fig. Disp acement of the PV panels on the tofhefSMART
centre

I1l.  DETERMINATION OF INLET WIND VELOCITY PROFILES

A constant wind velocity profile, based on the maxin
reference wind speed in the building site (peakt gpeed
worked out for a 50-year return period) and on kbeal
roughness coefficient, was simulated. After detanng from

the reference wind speed was determined as:

Vb = Vb0 1
being:
&< & 2)

and the coefficient of exposure for the buildinde sivas
determined as:

Ce(Hbuiding = Kk & IN(Hiuiing/Zo)[ 7+C. IN(Houitging/ Zal (3
being:
Hhuilding = Zmin (4)

The maximum reference wind speed for the buildiibg was
eventually determined as:

Vo max= [V Ce(Hbuiding)] > %)
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Fig. 6 Static pressure distribution [Pa] on topghef SMART centre
for an incoming South wind

2500, -

2000 2.

Fig. 7 Modulus of the negativé&static pressure p¢ak] on top of
the SMART building as a function of the incominghdidirection

688



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950
Vol:6, No:3, 2012

Table | summarizes the main coefficients adoptedtlie
calculation of the maximum reference wind speed tloa
building site.

TABLE |

MAIN COEFFICIENTS ADOPTED FOR THEALCULATION OF THE MAXIMUM

REFERENCEWIND SPEED ON THESMART BUILDING SITE, ACCORDING TO
DM 14/01/200§16]

Denomination Value
Vb,C [m/s] 25

& [m] 1000
& [m] 60

Vp [M/s] 25
c[-] 1

ki [-] 0.2z
z[m] 0.3¢
Zmin [m] 8
Hhulld\ng [m] 10.7 (max)
Ce(Houiding) [-] 1.83
V0 [M/s] 33.8

IV. MODEL GEOMETRY AND SPATIAL DOMAIN
DISCRETIZATION

The flow field around the East-West vertical sectaf the
SMART building was numerically simulated by reproohg a
computational domain of rectangular shape, whosendary
conditions and main geometrical features are suimatirin
Fig. 8 and Table 1.

Velocity Inlet Pressure Outlet

Wall

Fig. 8 Boundary conditions of the computational dom

TABLE Il

MAIN DIMENSIONS OF THECOMPUTATIONAL DOMAIN
Denomination Value [m]
Computational domain length 1930
Computational domain height 400
Distance from inlet boundary
condition to the leading edge 630
of the building

A symmetry boundary condition was adopted for #reain,
in order to avoid the development of an atmospHhesiendary
layer: this choice, though not realistic, allowedinvest the
tested model with an uniform velocity profile, combed
according to DM 14/01/2008 [16].

An isotropic unstructured mesh, whose resolutios based
on the validation work performed by Raciti Castetlial. [12],

was created around the model building. The chanatitedata
of the adopted grid architecture are summarizedaile I,
as a function of the normalized grid resolutiontiea building,
defined as:

ReSyuilding = AbuitdingHbuilding (6)

and as a function of the normalized grid resolutiznouter
computational domain, in formulas:

ReSiomain = AGdomaidHdomain (7)
TABLE Ill
CHARACTERISTICDATA OF THE ADOPTEDSPATIAL DOMAIN DISCRETIZATION
Denomination Value
Resuiding [-] 0.025
Growth factor [-] 1.1
ReSiomain[-] 0.25

Figs. 9 and 10 show the main features of the dpddimain
discretization. For further details upon the vdiida
procedure and the reliability of the adopted nuo#rsettings
(as far as grid resolution and turbulence modetcareerned),
see [12].

ok

Fig. 9 Overall view of the spatial domain discratian of the
computational domain
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Fig. 10 Spatial domain discretization close tolihéding

V. TURBULENCEMODELS AND CONVERGENCECRITERIA
The proposed numerical simulations were performsdgu

the commercial code ANSYS FLUENT®, which implements

2D RANS equations using a finite volume based solBeing
the maximum velocities on the order of 70 m/s, fthiel was
assumed to be incompressible, setting air densityl.225

kg/n?.
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A segregated solver, implicit formulation, was atodor horizontal forces on the roof are completely nebley while
steady flow computations. Standard knodel was used for no downward force is registered on the roof sectows the
turbulent calculations as suggested by Yoshie. §13]. contrary, all sectors are subjected to upward thyale to the

As a global convergence criterion, residuals wetds10°.  low pressure in the recirculation zone on top eflthilding, as
Each simulation, performed on a 2.33 GHz clock dery a consequence of the large separation bubble oroftape
guad core CPU with Hyper-Threading, required a |totduilding.
computational time of about 2 hours.

VI. RESULTS ANDDISCUSSION

(evidenced by the red circle) is clearly visible top of the
roof, where the relative static pressure drops ddwna
negative value, as can be seen from Fig. 12, reptieg the
static pressure contours around the building.

Fig. 13 Absolute pathlines colored by particle abtes around the
SMART building

1234567891011 62 63

i N

Fig. 14 Subdivision of the roof into 63 horizonsaictors, starting
from the upstream edge of the building

03

%
Fig. 11 Contours of absolute velocity [m/s] arodie East-West 02 | o °
vertical section of the SMART centre; the red @rel/idences the . .
stagnation zone on top of the roof 01
L]
— 0
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00%e o0
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Roof sector No. [-]
Fig. 15 Horizontal force per unit length on the miged roof sectors

430

Fig. 12 Contours of static pressure [Pa] aroundshst-West vertical a0 1 K

section of the SMART centre; the yellow circle endes the .
negative relative pressure zone on top of the roof 410

400

The resulting separation bubble on top of the isalearly
visible from Fig. 13, showing the absolute pathdirecolored
by particle variables - around the building. In@rdo achieve 0%0e0eceeacecsee®®”
a numerical quantification of the aerodynamic fereeting on 370 .
the PV panels, the roof was subdivided into 63 Zuorial o %
sectors of 1 m length, numbered from 1 to 63 stgifiom the
upstream edge of the building, as evidenced franH. s e e b s as 28 2 30 3 % 9w ds 48 st s 5 w0 o

Figs. from 15 to 17 show the horizontal, verticaida Roof sector No. [-]

resultant forces per unit length on the roof ofbiélding as &  kig_ 16 vertical force per unit length on the exaen roof sectors
function of the roof sector number. As can be tjeseen, the

390 00%%ey ° O

f, [N/m]
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Fig. 17 Resultant force per unit length on the eraxhroof sectors

VII. CONCLUSIONS ANDFUTURE WORK

A two-dimensional numerical model for the evaluatiof
wind-induced loads on the top of a flat roof compdwas
presented. After determining the most severe laelition as
a function of the incoming wind sector, a constannhd
velocity profile, based on the maximum referencadnépeed
in the building site and on the local roughnesdfment, was
simulated for an East-West vertical section oftibéding.

Owing to a large recirculation zone on top of thalding,
no downward force was registered on the horizoraf. On
the contrary, all roof sectors resulted subjectedatsevere
upward thrust.

Further work should be performed, in order to ingede a
means for the vertical aerodynamic loads on thepBhels on
top of the building by balancing the negative puesdield on
both sides (upper and lower) of each panel.
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