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NUMERICAL AND EXPERIMENTAL SIMULATION OF
ATMOSPHERIC BOUNDARY LAYER INFLUENCE ON FLOW
PATTERNS AROUND BUILDING STRUCTURES

ABSTRACT

Wind forces can cause huge damage to the building elements due to their inadequate design or
material deterioration. The differences in surface pressures that create these complex forces depend
on the interaction of many variables, natural variables such as wind speed and turbulence, ground
surface features, air properties, with building variables as the shape, location, and physical
properties of structures. A high level of information on the magnitude and variety of the pressures is
required for managing the risk to buildings from the wind. This information has conventionally
been collected during series of full-scale and wind tunnel tests, but these can corroborate both
expensive and time-consuming. For this reason, Computational Fluid Dynamics (CFD) methods
nowadays are adequate tools for predicting flow characteristics over buildings, informing decisions,
and guiding the design.

In this thesis, a computational algorithm has been established and implemented within the
CFD model as a simulated virtual wind tunnel, with the aim to investigate wind flow characteristics
of several types of atmospheric boundary layers (ABLs) and their influence on low and medium-
rise buildings. The CFD model’s accuracy and high operational capabilities have been established
by defining the optimal assignments of a number of important computational parameters, such as
the computational domain size, inlet boundary conditions, mesh configuration, the turbulence model
type, solver schemes, and solution methods.

Results of several numerical simulations performed within the scope of this thesis have been
compared and validated both by some existing, and newly performed wind tunnel tests for the
purpose of the thesis fulfillment, and by the recommendations of the relevant national wind
standards for civil engineering, with the aim to assess the performance of the CFD model and
determine its appropriate simulation parameters for various flow cases. Also, some of the ABL flow
characteristics and mechanisms of wind pressure influence on low and medium-rise buildings have
been identified.

The provided CFD model’s performance has firstly been tested using already existing wind
tunnel test cases, which simulated certain terrain types using different passive obstacle types.
Results from two wind tunnel facilities have been considered: the smooth and suburban terrains
simulated in the open-loop Assuit University (Egypt) wind tunnel and the urban terrain in the
closed-loop Belgrade University, Faculty of Mechanical Engineering wind tunnel. The CFD model
has shown good agreement with the experiments for both terrain types.

Within the next step, the pressures on a medium-rise building with complex geometry have
been investigated both experimentally and numerically. For the purpose of this thesis, a custom
model of the building was created and tested in the Belgrade University wind tunnel, using the same
obstacle types as in earlier tests mentioned in the previous paragraph. The good agreements
between the newly obtained experimental data and numerical results have also confirmed the high
level of accuracy and the capability of here established CFD model to properly predict pressures on
this kind of buildings.

In the final step, a new different type of terrain has been designed within the CFD model’s
Belgrade University virtual wind tunnel, aimed to numerically investigate pressure coefficient
values and distributions on three low-rise building models with different roof shapes. The good
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prediction of pressure coefficients compared to the relevant national wind standards data has also
confirmed the capability and accuracy of the established CFD model to study the wind influence on
this kind of buildings.

With the proper simulations of various atmospheric boundary layers and well predictions of
pressure on low and medium-rise buildings, here presented CFD model can offer a cost-effective
alternative tool for wind engineering applications and make considerable enhancements to the
existing national wind standards used for structural building design and analyses.

Keywords: atmospheric boundary layer, wind influence on buildings, wind tunnel tests, CFD
calculations, medium-rise buildings, low-rise buildings, qualitative analysis, quantitative analysis.

Scientific discipline: Mechanical engineering

Scientific sub-discipline: Aeronautical engineering
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HYMEPUYKA U EKCHEPUMEHTAJIHA CUMYJIALIUJA
YTUHAJA ATMOCOEPCKOI' TPAHUYHOI CJIOJA HA
CTPYJHO INIOJBE OKO I'PABEBUHCKHUX OBJEKATA

CAKETAK

Cune reseprucaHe BETpOM MOTY M3a3BaTH BeJlMKa omTehema Ha 3rpagama yciel HBHXOBOT
HEaJBEKBATHOT MPOjEeKTOBama, WM HEJAOBOJbHE uyBpcTOohe NMpUMEHmEHHMX Marepujaia. Pasnuke y
MOBPIIMHCKHAM MPUTUCIIIMA KOj€ MOTY TEHEpHUCATH OBAaKO Pa3OpHE CHJIC 3aBUCE O] BEJIUKOT Opoja
YTULQJHUX (aKTOpa, Kao MITO Cy Op3uWHA BETpa U CTENEH TypOyJeHIHje, YTHIIa] OKOJIHUX o0jeKaTa
Ha TJIy, JpyT'HX CBOjCTaBa CTPYJHOI IOJba Ba3AyXa, KapaKTEPUCTHKA caMe 3rpajie y KOHTEKCTY
HBCHOT 00JIMKa, JIOKallje W HECHUX CTPYKTYpalHUX cBojcTaBa. Jla OM ce MpaBUIHO MPOLIEHHO
yTHULAj TPUTHCAKA M3a3BaHMX BETPOM HA HHUBO PH3UKA KOJEM 3rpajie MOTy OWTH H3JI0XKEHE,
noTpeOHO je 00e30equTH INTO BHINE aJeKBaTHUX HWH(OpMalMja O JIOKaJHO] pACIOAETH |
BpeqHOCTUMa TMpuTUCKa. Te wuHOpMamuje cy ce yoOuyajeHO nobujane KOMOWHOBaHmEM
UCIHUTHBamka 00jeKaTa y peallHOM OKPYXEhY U HCIUTHBaEba MOJENA y aepOTyHEINMa, iy TaKkaB
IPUCTYIl MOXKE€ OMTH Kako CKYI, TaKO M AYyroTpajaH. ¥ CaBpEeMEHHUM YCIOBHMa, KOMIjyTepcKa
nuHamuka ¢uaynna (eara. Computational Fluid Dynamics - CFD) npepacna je y peneBaHTaH HOBU
NPOPAaYyHCKH ajlaT 3a aJeKBaTHY IPOIEHY KapaKTEpUCTHKA CTPYJHOT TI0Jba OKO 3rpaja,
neduHICamkEe YIa3HUX MTapamMeTapa v MPaBUIIHO Boheme rpal)eBUHCKOT MPOjeKTa y OBOM KOHTEKCTY.

VY 0BOj AOKTOPCKO] AMCEPTAIljU YCTAaHOBJbEH je U MpuMemeH npopadyHcku CFD monen y
OKBHPY KOTa je M3BpIICHA CyMyJalyja BUPTYEITHOT aepoTyHeNa, ca IHJbEM Ja ce momMohy mera
BpILE MCIUTHBAKA PA3TUUYUTUX THIIOBA aTMOC(HEPCKOr TPaHUYHOT ClI0ja W HHXOBOI yTHIAja Ha
HUCKE 3rpajzie u 3rpajae cpeamwe BennunHe. Taunoct CFD Mopnena u meroBa BHCOKa ONEpaTHBHA
NPUMEHJBUBOCT MOCTUTHYTH Cy Ae(UHUCameM ONTUMATHHUX 33/aBama oipeheHor Opoja BaKHHX
IPOPAaYyHCKUX IapamMeTapa, Kao IITO j€ BEJUYMHA KOHTPOJIHE 3alpeMHHE, TPAHUYHH YCJIOBU Ha
IBCHOM yJa3zy, KOH(UTrypHcame NMpOpauyHCKE Mpexe, u300p TypOyJeHTHOr Mojiena, COJBEpa U
IPOPAYyHCKUX METOAA.

Pesynratn HyMepuykuX cuMyJjanuja 00aBJbEHHX y OBOj AHMCEPTaLUju BepU(DUKOBAHU CY
nopehemeM kako ca Beh mocrojehum, Tako U ca HOBUM ae€pPOTYHEJICKUM HCIIUTHBambUMa HAMEHCKH
00aBJbEHUM y OKBHPY HU3pajJie OBE JAMCEpTaIfje, ald U ca MpernopykamMa JaTUM y pelieBaHTHUM
HannonamauMm cranmapauMa 3a rpal)eBUHCKE MHXKEHEpE, ca MJbeM Bepu(pUKOBama MOTYhHOCTH
ycranoBsbeHor CFD wmognena u onpehuBama oxarorapajyhux CHUMYyJIallMOHMX [apaMeTpa 3a
pasnmuuuTe ciy4ajeBe crpyjama. [lopea Tora, ycmemHo cy uACHTH(PUKOBAHE HEKe crnerududHe
KapaKTepUCTUKE aTMOC(PEpPCKOr TPAaHUYHOT CjI0ja M MEXaHW3MH YTHIdja NMPHUTHCAKa H3a3BaHUX
BETPOM Ha HHMCKE U CPEbe 3rpajie.

Moryhnoctu ycranoBibeHor CFD mopena Hajupe cy BepudukoBane kopumthemem Beh
noctojehux pesynrara aepoTYHENCKHX HCHHTHBAWka, TJE€ CYy BpIIeHE cuMyJjamuje oapeheHux
TUIIOBAa TepeHa KopHIINemeM pa3IuuuTHUX NacuBHMX mpenpeka. llopehema cy obaBibena ca
pe3yaTaTMMa M3 JBa pa3iMuUTa AE€pOTYHENa: 3a paBaH M IPUTPAICKU TEPeH CHUMYJIUPAH Yy
aepotyHeny YHuBep3utera Acyut (Erumar) oropeHor tumna, Kao u 3a ypOaHU TEpPEH CUMYJIUPAH Y
apoTyHey 3aTBOpPEHOr TuMa Ha MmmHckoMm dakynTeTy YHuBep3utera y beorpany. Ilpopauyn je
Ja0 100pa MoKIanama ca eKCIIepuMEeHTOM 3a 00a THUIIa TepeHa.

VY HapeaHOM KOpaKy aHaJIM3UpPaHU Cy HNPUTUCIM Ha MOJENy 3Ipajie CpPelie BEJIUYHMHE ca
KOMILJIEKCHOM T'€OMEpPHUjOM, KaKO EKCIIEPUMEHTAIHO TaKO W HYMEpPHUYKU. Y OKBHPY H3paje OBE
JIUcepTalje, HaMeHCKH je u3palhjaH MojeN OBEe 3rpajic M HM3BPIICHO j€ HErOBO HCIIUTHUBAKE Y
aepoTyHeny YHuBep3ureta y beorpamy, kopuihemeM UCTUX THIIOBA MpENpeKa Koje ¢y Kopuinhene
y TPEeTXOJHO IMOMEHYTHMM paHMjUM HCHUTHBamUMa Yy OBOM aepoTyHeny. JloOpa mnoxmanama
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MPOPAuyHCKUX U HOBUX EKCIIEPUMEHTAHUX pe3yJsiTaTa Mpy>Kuja Cy MOTBPAY O BHCOKOM HUBOY
TAYHOCTH pe3ynrara, kao u moryhunoctu ycranosibeHe CFD metone nma mpyxu qo0pe MpenuKImje
pacmojiene mpuTHcaka Ha 3rpajiaMa OBe KaTeropuje.

VY (¢unamHOM KOpaKky, y OBako YycTaHoBJbeHOM BuptyenHoMm CFD wmopeny aeporyHena
VYuuBep3utera y beorpany, M3BpIIEHO je MOJENUpame HOBOI THIA TEpPEHa ca LHJbEM Ja ce
HYMEPUYKU Of[peie BPETHOCTH KOe(UIIMjeHTa MPHUTHUCKAa M HEroBa pacrojeia Ha TpU Mojelna
MaJIMX 3rpajia ca pa3IndyuTHM o0nuirMa KpoBoBa. OcTBapeHa cy J00pa Mokjanama NpopavyHCKUX
pesynTara KoeuIMjeHaTa NPUTHCKA ca KapaKTePUCTUYHHUM CIIy4ajeBUMa pPa3MaTpaHuM y
pENEeBaHTHUM HAlMOHAIHUM CTaHAApAuMa, LITO je MPYXWJIO MOTBPAY Ja Ce OBaj MPOpavyyHCKH
MOJIENT MOXe YCIIEITHO KOPUCTUTH U 3a aHAJIM3Y YTHIIaja BETpa Ha OBY KaTETrOpH]jy 3rpaja.

3axBasbyjyhu noOpuM mpeauKiMjaMa pacrojesie MPUTHCKA Ha MaJIM U CPEIBbUM 3rpajiaMa,
y3 MPaBWIHO MOJCIUPABE PA3IMYUTHX TUIIOBA aTMOC(EPCKOr TPaHUYHOT CII0ja, MPOPAuyHCKH
CFD Mozen mpencTaB/beH y 0BOj TUCEPTAIIM]U MOXKE MPEICTABIhaTH AITCPHATUBHU - (PMHAHCH]CKHI
U BPEMEHCKHM e(HMKACHUJU MPOPAUYyHCKH ajaT y OJHOCY Ha KJIACH4YHE Yy OOJIACTH HMHKEHEPCKHX
aHajM3a yTHUIaja BETpa W MPYKUTH MOTYhHOCT 3a najba yHampehema mocrojehnx HaMOHATHUX
CTaHJap/a HAMEHEHUX CTPYKTYpaJIHOj aHAJIM3U U MIPOjEKTOBamY 3rpaja.

KibyuHe peun: atmochepcky rpaHUYHH CJI0j, YTHULA] BETpa HA 3Trpajie, aepOTYHEJICKAa UCTTUTHBAbA,
CFD npopauyHu, cpelilbe 3rpajie, HUCKE 3rpaje, KBaIUTATUBHA aHAIM3a, KBAHTUTATUBHA aHAJIN3A.
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CHAPTER 1: INTRODUCTION

1.1 Background

The wind has a significant influence in different structures, especially for the buildings built
deep in the boundary layer on the earth’s surface where wind flow unsteadiness, speed gradients,
and wind turbulence are high. Most buildings on earth with lower heights fall in this category as
low and medium-rise buildings, which are generally used for various purposes such as residential
houses, industrial and commercial buildings, and public facilities. These buildings are commonly
exposed to high wind pressure, which causes damages and instabilities in their structural form,
particularly the non-engineered buildings built in conventional ways without recourse to eligible
engineers or architects.

However, damages or failures of cladding and parts of these buildings due to wind loads can
be very costly, starting with local surface damage and finishing with total crumbling. These
damages may occur either directly or indirectly with respect to the velocity profile and turbulence
intensity, besides variation of the building geometry. Having this in mind, it is clear that knowing
the nature of pressures on buildings induced by wind will enable safer design provided by engineers
and thus, more economical buildings [1].

In the recent couple of decades, many wind tunnels and some full-scale experiments have
been used to investigate the wind pressures of low-rise buildings, while few investigations involve
medium-rise buildings [2]. Consequently, since World War II, several codes of practice and
national wind standards were produced to design different building types against wind loads [3].
Furthermore, in the 1970s, the use of CFD in indoor and outdoor building airflows began and
expanded later to include different building design aspects [4].

1.2 Thesis Motivation

The full-scale experiments are the most reliable for obtaining wind-measured data
representing real-life wind loads on buildings. This type of testing is ordinarily performed just in a
few points in building components and space around it, without or with control over the boundary
conditions. Also, such testing is expensive and time-consuming [5].

However, wind tunnel testing permits a considerable amount of control over boundary
conditions, even though the Reynolds numbers are significantly smaller in wind tunnel tests than in
actual buildings. Tests can further be laborious, expensive, and suffer from potentially
irreconcilable similarity requirements. Also, measurements in wind-tunnel are regularly performed
only in few points in and around a building [5-7].

On the other hand, CFD methods are becoming increasingly accepted as an alternative tool for
optimizing different building shapes and arrangements. The CFD estimation of wind loads offers
advantages over the full-scale or reduced-scale testing in boundary layer wind tunnels. For example,
any Reynolds number, boundary layer profile, and turbulence can be simulated by CFD.
Furthermore, CFD methods are suitable also for design practice since it can estimate the flow
domain around a building. They also can predict all the variables of interest under well-controlled
conditions such as velocity, pressure, and temperature, and these results can be visualized, including
all needed details. The most advanced CFD methods are still quicker and less expensive than full-
scale experiments and reduced-scale wind tunnels experiments [6—9].

However, most full-scale and wind tunnels experiments were performed to investigate the
wind pressures of low and medium-rise model buildings with simple shapes and relatively small
plan dimensions [1], in the same way as the wind standards and codes deal with regular-shaped
buildings, since their data based on some past wind tunnels experiments [10]. This issue raises the
need for procedures more applicable and accurate CFD techniques for extending codes of practice.
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These techniques are more time-efficient and thus economical than wind standards or experiments
in building design.

Anyhow, more research work using CFD is still required, keeping in mind that CFD
techniques application is limited because CFD results are susceptible to a wide range of simulation
parameters, mainly defined by users. For example, the computational domain size, boundary
conditions, mesh configuration, turbulence model, and solver schemes and methods can lead to
large discrepancies in simulation results, providing another argument for experimental results to be
used in validation of simulation.

1.3 Scope and Objectives

The primary goal of this thesis is to establish an accurate and reliable CFD model that might
resemble complex flow patterns in wind tunnels with various obstacles, used to study the influences
of wind on low and medium-rise buildings with different configurations. The goal was
accomplished by fulfilling the following objectives:

e Review and identify key issues of the most critical flow characteristics and atmospheric
conditions for estimating wind flow patterns around the buildings immured in the
atmospheric boundary layer.

e Define the simulation parameters of the computational model, which will provide lower
computational cost and the best possible matches with the relevant experimental results
when modeling the atmospheric boundary layer field, in the planned relevant range of
speeds of 1+50 m/s.

e Explore the computational model ability and efficiency to simulate different atmospheric
boundary layers of complex topographies. Previously published experimental data based
on tests performed in different wind tunnels using various types of obstacles such as
barrier walls, spires, and roughness elements will be presented to validate the numerical
simulation results. The defined simulation parameters with some modifications related to
adjustment to existing geometries will be used.

e Inspect the computational model ability and accuracy in predicting the wind pressures on
the modeled medium-rise building surfaces with a canopy attached to its fagcade and on
the canopy itself. This building model will be assembled and tested in the Belgrade
University Wind Tunnel test section to measure pressures in the relevant points and
zones of its surfaces. The measured data will be used to confirm the numerical
simulation results. Further verification and additional correction, updating, and
optimizing the simulation parameters will be performed, if necessary.

e Evaluate the computational model applicability to simulate new ABL in the existent
virtual wind tunnel test section for future studies.

e Inspect the computational model ability and accuracy in predicting the wind pressures
on several low-rise buildings with various roof shapes and base dimensions. Each
simulation result will be compared to the Australian/New Zealand Standard (AS-NZS)
data.

The established and verified computational model would be able to substitute a significant
number of wind tunnel testing hours and lessen the total cost of analyzing aerodynamic loads that
act on buildings at various wind speeds, directions, and atmospheric boundary layer profiles. Thus,
such research would become accessible to building projects with lower budgets.

1.4 Overview of Thesis Contents

The thesis is arranged into seven chapters, as follows:
e Chapter one gives the general background and sets the primary goal of this thesis with
related objectives.
e Chapter two presents and discusses the main characteristics of the Atmospheric Boundary
Layer, the approaches and criteria of simulating the appropriate ABL in Wind Tunnel, and

2
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the essential features of the flow around buildings. Some previous CFD studies for
simulated ABL generated in Wind Tunnel and investigated wind effect on low and medium-
rise buildings are also reviewed.

e Chapter three introduces the theoretical background of the CFD and looks in depth at the
numerical solution methodology that has been performed using Ansys Fluent code. It also
covers and describes a set of selected simulation parameters for the provided CFD
computational model, such as the turbulence model, spatial and temporal discretization
methods and schemes, and solver methods. These parameters were sufficient to ensure
credibility and employed in all numerical simulations performed in this study.

e [n chapter four, different ABLs generated in two types of wind tunnels using various
obstacles and different speeds in their test sections were simulated numerically in order to
verify the accuracy of the CFD computational model in simulating different ABLs. The rest
of the simulation parameters for the provided CFD computational model were defined and
discussed. These parameters were the computational domain, mesh configuration, and
boundary conditions, which were modified to adjust to existing geometries. Subsequently,
Computational results were compared with available experimental data for validation.

e [n chapter five, the wind pressures on a model of medium-rise are studied experimentally
and numerically. Several experimental tests in the Belgrade University wind tunnel were
carried out of the medium-rise building model immersed in ABL with urban area exposure
category. A detailed specification of the assembly of the model and laboratory instruments
and equipment are also provided. The predicted pressures on the model were obtained and
investigated using the provided CFD computational model with different computational
domains and boundary conditions to assess the optimum configuration. Computational
results are then compared with experimental results for validation.

e In chapter six, the provided CFD computational model performed in chapter four for the
Belgrade University wind tunnel was redesigned to simulating ABL of open country
exposure. The modified CFD computational model was used to investigate pressure
coefficients on three types of low-rise buildings. Computational results were compared with
the AS-NZS Standard data for validation.

e Chapter seven presents the conclusions and some recommendations for future research.
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CHAPTER 2: LITERATURE REVIEW

2.1 Atmospheric Boundary Layer (ABL)

The boundary layer concept in the fluid flow can conceivably be credited to Froude, who
performed a series of laboratory towing tests in the early 1870s to investigate the frictional
resistance of a tinny plate towed in still water [11]. The ABL is the layer of air up to 1000-2000 m
above the earth’s surface that is generated by the friction between the airflow and the ground [12].
With increasing height above the earth’s surface, the effect of friction on decelerating airflow
movement decreases. The airflow velocity gradually retrieves to the gradient wind at the top of the
ABL. The ABL thickness range varies according to the following terrain roughness categories:

1. Smooth terrain (open sea, ice, or desert),

2. Open country or rural terrain (villages, low scrub, or scattered trees),

3. Suburban terrain (residential areas, small towns, or well-wooded areas),

4. Urban terrain (numerous tall buildings, city centers, or industrial areas) [13].

Figure 2.1 shows the simplified illustration of the ABL structure over some roughness, where
the ABL can be separated into the inner layer and the outer layer [14].

The inner layer (sometimes described as the atmospheric surface layer or Prandtl layer) is the
lowest 10% of the ABL depth [15]. This layer also can be separated into the interfacial (roughness)
sublayer and the inertial sublayer. The interfacial sublayer (commonly introduced as the canopy
layer) is sited nearly the earth’s surface with a span 2 to 5 times the average building height [16],
and its depth is called the (zero-plane displacement). The inertial sublayer is the zone above the
interfacial sublayer, and this layer with the interfacial sublayer is directly influenced by
characteristics of ground surface.

The outer layer is the region over the inner layer, sometimes called the Ekman layer, where
flow properties are not affected by the surface roughness.

Free atmosphere

Outer (Ekman) layer
Atmospheric
boundary layer

Inertial
sublayer

B -E ---------- memmeleccaaa- Interfacial
EN N ) {roughness)
== Ji’ @ )i \? Y I sublayer

Figure 2.1 Schematic illustration of the ABL structure

The flow in the ABL is represented by two standard laws for velocity profile, the logarithmic
law (log law), which is more suited in the inner layer of the ABL, and the power law, which is
better in the outer layer [17], as shown in Figure 2.2. Mathematically, the logarithmic law is written
as:
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Uz) 1 z-d
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where:

U(z) - is the mean wind velocity at any height z,

u* - is friction or shear velocity, which is a scaling velocity of the surface shear stress,

k - is Von Karman’s constant, typically equal to 0.4,

d - is zero-plane displacement, equal to the average height of roughness elements,

zo - s roughness length. It is the height above the surface where the flow velocity is zero.

(z_d):zls U:US
w &
] Power Law
-~ {Outer Layer)
(z-d)
Log Law
[~ (Inner Layer)
0.1z,
(z-d)=2z,
and 7 =0

windspeed —
Figure 2.2 Log law and power law regions in the
mean wind velocity profile

The roughness length zy changes according to the type of terrain, and its appropriate values
have been suggested by many studies, as given in Table 2-1, taken from the Australian Standard for
Wind Loads, AS1170.2, 1989, [3].

Table 2-1 Terrain types, roughness length, [8]

Terrain types roughness length (m)
Smooth terrain 0.001-0.005
Open country terrain 0.01-0.05
Suburban terrain 0.1-0.5
Urban terrain 1-5

Despite the accuracy and reliability of the logarithmic law to describe the mean wind profiles
in the ABL surface layer, the meteorologists consider the power law as a more accurate depiction of
strong wind profiles in the lower atmosphere [18].

The power law mathematically can be described as:

ve_ =
U z

s s

) (2-2)

where:
Us - 1s the mean wind velocity at a chosen reference height zy,
o - is the power index or exponent, which is used to describe the shape of the mean velocity profile
and is related to surface roughness (i.e. terrain type).
The corresponding values of o for different terrain types are shown in Figure 2.3.
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Figure 2.3 The power law profiles over different terrain types

The other parameter that characterizes the ABL besides the mean velocity profile is a
turbulence intensity profile. The longitudinal turbulent intensity /.(z) is used to quantify the amount
of turbulence in the wind. It is indicated as the ratio of standard deviation of longitudinal wind
velocity to the mean velocity:

o, (z)
I =_u "/ 2-

where:

ou(z) - 1s the root mean square of fluctuating velocity u (z) , known as the longitudinal standard
deviation of wind velocity at height z,
U( z ) - is the mean velocity of longitudinal component at any height z.

Since the fluctuation of velocity increases with the increasing of the ground roughness, which
causes an increase of the standard deviation, the turbulence intensity reduces with the height as o.(z)

decreases and U(z) increases with the height [1,19].

2.2 Simulation of Atmospheric Boundary Layer in Wind Tunnel

Although several theoretical and empirical formulas have been established by meteorological
surveys for the ABL’s characteristics, other efforts have been attained to create a 'model' ABL in a
wind tunnel to explain other complex effects attendant fluid flow that remain uncertain [20].

The concept of using the wind tunnel for boundary layer testing dates to the beginning of
1940s when Wieghardt in Goéttingen used the natural boundary layer at the wind tunnel floor to
investigate the spread of plumes [10]. However, the length scale of wind tunnel was very small to
allow wider applications, e.g. for building aerodynamics [18]. Major modifications happened when
Jensen (1958) performed experiments on building models, noticing that “the current model test for
phenomena in the wind must be carried out in a turbulent boundary layer and the model law
requires the boundary layer to be scaled with regards to the velocity profile” [1,10]. Ever since,
more accurate simulation of the atmospheric boundary layer in wind tunnels began its upward
trajectory. Jensen, Cermak in the USA (1958), and Davenport (1965) in Canada were the early
adopters in designing special Atmospheric boundary layer wind tunnels (ABLWTs) for wider
applications in building aerodynamics [21]. ABLWTs are typical of a subsonic or low-speed type,
dividing according to the air blowing into open loop or closed loop wind tunnels [22].

In general, simulation of ABL in the wind tunnels can be reached by a natural formation or
human-made devices. The natural formation of ABL requires a wind tunnel with a 20 to 30 m long
test section to produce simulated ABL with a small thickness in the range of 0.5-1 m at an ambient
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wind speed of about 10 m/s [23]. The various types and shapes of human-made devices, such as
barrier walls, spires, uniform grid or screens, and roughness elements, or the combination of some
of them, were instituted in an attempt to generate accurate wind velocity and turbulence profiles of
the simulated ABL by several authors [24—27]. The role of the barrier walls is to provide an initial
momentum close the lowest of ABL to regulate the shape of the wind velocity profile, and the
spires play a significant task in creating the boundary layer height. The uniform grid or screens
were also used to create thick velocity profiles over a short generation distance and turbulence of a
specific scale and intensity. Additionally, dense roughness elements are used to modify the lower
part of the wind velocity profile [22,28].

However, a detailed description of similarity of atmospheric and wind tunnel boundary layers
is published in [22]. Applicable similarity criteria as matching velocity profiles, turbulence
intensities, integral length scale, power spectrum, and Reynolds numbers for both the model and
nature scale are more trial and error than exact science [18]. Theoretically, the Reynolds number
similarity is impossible to reach. Otherwise, the Reynolds number similarity for sharp-edged
structures modeled in boundary layer flow is not a severe restriction and can be relaxed [29]. Some
researchers, [1,18], recommended that the model Reynolds numbers (Renm) must surpass 11,000 for
sharp-edged structures or 100,000 for round structures, and another research [30] recommended
Rem > 15,000 for sharp-edged structures.

Furthermore, testing of buildings in wind tunnels requires a building model scaled by
matching the Jensen number (Je=h/z9), which is described as the ratio of the building height (%) and
the surface roughness length (z9) of the surrounding terrain. Actually, its variation causes the
variation of the pressure coefficients in the building model [31]. The blockage ratio, defined as the
ratio between the projected model area and the wind tunnel cross-section area, should also be
considered smaller than 5% during the experiments [32]. In contrast, when the blockage ratio is
higher, the accelerated flow in the constricted segment between the model and the wind tunnel walls
will increase the model structure load [33].

2.3 Wind Pressure Effects on Buildings

The wind is one of critical ambiance forces to be considered in building design. Actual wind
conduct is altered by the boundary-layer conditions and building geometry.
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Figure 2.4 Flow pattern around cuboidal building
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Figure 2.4 [34] shows the flow patterns and some of its principal phenomena around a simple
building (cuboidal building) immersed in a deep turbulent ABL. The flow approaching the building
separates from its facade at a distance upwind of the building, depending on building height to
width ratio and upstream surface roughness. The exposed facade will experience a pressure higher
than the ambient as the approaching flow decelerates. Since the incident wind speed minimizes with
decreasing height, a downward-directed pressure gradient will be recognized as the flow reduces
near the upwind face. This gradient drives a downward-directed flow along the face (at the ground),
which will move out from the building and roll-up into a vortex [18,35].

Above this vortex, the incident flow hits the building’s face and moves outward toward its
edges. The flow separates at these front edges and may or may not reattach to the building roof or
sides before reaching their back edges. Reattachment depends on building height to length ratio,
length to width ratio, and the turbulence intensity in the approaching flow. The separated boundary
layers move out into the nearby fluid are free shear layers, the separated layers curve inward toward
the wake axis, feeding into a "cavity" or recirculation "bubble" directly downwind of the building.
In cases where the flow reattaches to the building sides and roof, the wake cavity may be more
complex due to the existence of vertical vortices behind the lee side edges. These vortices combine
with the main flow near the roof level and bend over, and they work to remove flow from the cavity
to the wake region. The frontal vortex is also enfolded around the building by interacting with the
approaching flow near the building’s sides into a horseshoe shape. The horseshoe vortex can be
bounded in the flow at some distance downwind [35-37].

The profile of the boundary separating from the streamlined flow and the vortex regions
should be recognized prior to velocities and pressures can be determined. Therefore, applying this
basic idea will help in predicting where pressures and suctions occur. Pressure occurs when
streamline flow boundary is pushed up, while suction occurs when it curves back. The suction or
pressure would be higher at the sharper curvature of the boundary [38].

Figure 2.5 [39] presents the pressure distribution on the flat roof low rise building, where the
windward wall is the only surface exposed to pressure, since all other surfaces are in the wake with
pressures being inferior to the ambient.
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Figure 2.5 Distribution of pressures (+) and suctions (-) on flat roof low rise building

Wind pressures on a building rely on the contact between wind and building and wind speed.
Since wind is moving air, the exertive pressures are related to its kinetic energy. If one considers
that the total kinetic energy is transformed into pressure, the resulting increase is defined by the
expression (gr; = % pu’), where p is the air density, and u is the velocity of the undisturbed air.
This is known as the stagnation pressure and is the maximum positive pressure increase over the
atmospheric pressure (P,) that can be exerted on a building surface by the wind of any certain speed
[40].

The pressure at any position in the streamlined flow can be calculated from the velocity due to
the constant total energy, being the sum of velocity energy and pressure energy. Therefore, to
calculate the local surface pressure, the atmospheric pressure (P,) will be applied as a reference
pressure, so that from Bernoulli’s equation, one gets:
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f)su}fface - Po = 1/2 P (Z/lg _ujurface) = 1/2 P ué [1 - (usmjface /MO )2] (2-4)

Furthermore, the surface pressure can be formulated by a non-dimensional pressure
coefficient Cp, as:

-P AP
surface
Cp = 1 - (usmfﬁzce/ 0 )
1/2 puo 0 qref. (2-5)

Pressure coefficients utilized in practice have been evaluated by testing the models of various
types of structures in wind tunnels. Sometimes it is more suitable to evaluate the pressure in
coefficients form than absolute values because the wind’s pressure fluctuations are much smaller
than the absolute atmospheric pressure.

Figure 2.6 [41] displays an example of the pressure coefficient distributions on surfaces of the
flat roof low-rise building. The contours of Cp on the cube walls are plotted when the flow is
blowing normal and at 30° to the cube. It should be noted that the strong suction on the corner of
the roof is produced by the conical vortices (delta-wing), which arise when the flow blowing
skewed at angles other than normal to one of the walls, as shown in Figure 2.6 (b).
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o

Figure 2.6 Mean pressure coefficient contours on a cube: (a) when the flow is blowing normal to the
front face, (b) when the flow is blowing at 30° to the cube

In general, local pressure distributions acting on the low-rise building are functionally reliant
on building dimensions and flow parameters. Building dimensions are the ratio of height, width,
and length to each other, also with the height of the building relative to boundary layer thickness or
its roughness length. In contrast, flow parameters are wind velocity at roof height, wind velocity
profile exponent, longitudinal turbulence intensity, and wind direction [42].
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After testing several types of enclosed low rise building models in the turbulent boundary
layer, mainly when the wind blow is normal to buildings, the following common characteristics of
wind-induced pressure distributions have been observed [40,43,44]:

e Pressures on the windward wall (front wall) of building models are positive due to pushing
influence, but decrease gradually as the flow accelerates around the sides and the upper edge
of the face.

e Pressures on the leeward wall (rear wall) are negative, noting the slight decrease of their
absolute value downwards.

e Pressures on the roof with low slope and side walls are mostly negative with very large
localized suctions due to flow separating from their leading edges.

e Also, for low-rise buildings with steep roofs, as the roof slope increases away from the
critical angle, the windward roof pressure increases in a positive direction and the suctions
on the leeward roof has no obvious changes.

2.4 Previous and Related CFD Studies
2.4.1 Previous CFD Studies for ABL Simulated in the Wind Tunnels

The CFD with wind tunnel tests in wind engineering and aerodynamics has been extensively
utilized in the last ten years to investigate a wide variety of processes in the lower parts of the ABL,
such as pollutant dispersion and deposition, wind-driven rain, building ventilation, and wind
loading on buildings or bridges. CFD methods are often used in association with physical
experimentation like wind tunnel studies to validate and assess simulation data. Furthermore, CFD
is sometimes used as a tool to assistance wind tunnel design testing and interpretation of results [4].

However, the CFD use in simulating ABL or studying wind effects on buildings is not an easy
task. It needs some knowledge about all potential difficulties that users need to bear in mind
commonly, such as the computational domain size, selection of the turbulence model, grid
resolution, boundary conditions, and all other options set by the user [45].

Generally, the entire computational domain size is not a simple substance in the numerical
solution of turbulent flow; it depends on the area of interest and boundary conditions. The ABL
numerical simulation is sometimes implemented by modeling only the empty test section
(conventional approach) and applying similar boundary conditions at the inlet as measured in the
wind tunnel test section (inflow boundary conditions). Therefore, the mean velocity profile
prescribed by power or logarithmic law, roughness length zp, and information about turbulence
quantities is required at the inlet [8]. However, if the above conditions are not well-known, this
approach may no longer be suitable, and a more general CFD modeling approach is needed.

Also, several solution strategies have been applied in this field by different CFD codes, as
steady Reynolds-averaged Navier-Stokes (RANS), unsteady Reynolds-averaged Navier-Stokes
(URANS), and Large Eddy Simulation (LES) or hybrid URANS/LES approaches. The RANS is the
most common approach applied in CFD, despite its deficiencies. Studies that have employed
URANS are rare. Otherwise, LES is increasingly used, but by far not as often as steady RANS
[46,47]. First-order closure is the most straightforward approach for RANS models, wherein the
turbulence models need to suggest expressions for the turbulent (eddy) viscosity and are named
eddy viscosity models, such as the one-equation Spalart-Allmaras model, Standard k-¢ model,
Renormalization Group (RNG) k-¢ model, Realizable k-¢ model, Standard k-« model, and the k-w
shear stress transport (SST) model. Some of them will be described in the next chapter.

Shojaee et al. [48] modeled only the short test section of the Ankara Wind Tunnel to create
the ABL for three different exposure categories, according to the American Society of Civil
Engineers (ASCE) definition, by designing different configurations of spires and surface roughness
elements at the inlet of the test section. That was achieved by using the k-¢ model turbulence model
in commercial CFD Fluent software. Experiment tests were lately carried out after the design. The
measured results of the velocity profiles showed acceptable agreement with CFD predictions and
power-law (from ASCE) results.

10
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Abdulrahim et al. [49] modeled two computational domains for two different wind tunnels,
small and large-scale. Each computational domain consisted of the test section with an additional 3
m cross-section, which was added upstream of the spires and roughness elements. This extension
was managed to compensate for the inlet contraction but not affecting the results, as long as the
distance between spires and measurement locations is kept the same, as suggested by Amerio [50].
The CFD simulations using RANS equations with the SST k- model in the commercial CFD
package FINE/Open were performed for both wind tunnels. The CFD simulations of different ABLs
inside the small wind tunnel test section were primarily performed to validate the CFD approach.
Furthermore, after the good agreement between the CFD and experimental results, the same CFD
approach was applied to simulate the desired ABL for the large wind tunnel. In both cases, a
constant velocity measured at the inlet of the boundary layer development section in the first wind
tunnel was set as the inflow boundary conditions.

Yassen et al. [51] examined different turbulent models for their relative suitability for the
ABL airflow using the Fluent software, and numerical results were compared with the available
experimental data from Pires et al. [52]. The computational domain was modeled to the test section
with three spires, a screen, and a carpet. Two sets of the CFD simulations have been accomplished
to predict the velocity profile and turbulent intensity behind the test section’s passive devices. The
CFD simulations based on the modified k-¢ turbulence model were performed in the first set when
the screen was positioned at two different distances from the spires, and two different inlet
boundary conditions (uniform flow and non-uniform flow) were applied. Predictive results of using
the non-uniform inlet flow showed better agreement with experimental measurements for both
screen positions. In the second set, other CFD simulations based on different models (modified &-¢,
realizable k-¢, RNG, k-w, SST k-, RMS, Spalart-Allmaras, and LES) were performed using only
the non-uniform inlet flow. In this set, predictive results based on the modified k-¢ turbulence model
were the closest to the experimental measurements.

Yang et al. [53] modeled the conventional approach for the TJ-1 wind tunnel at Tongji
University using the Fluent code to computationally verify the capability of the new inflow
turbulence boundary conditions to model an equilibrium ABL. The new set of inflow turbulence
boundary conditions is a theoretically derived solution to the standard k-¢ model transport
equations. Besides setting inflow velocity profiles, the new expression for the turbulent kinetic
energy (k) was set at the inlet, allowing taking into account the decrease of k£ with height. In
contrast, the profile for k£ is constant with height in the ordinary standard k-¢ model. After
simulations are performed, the numerical results of predicted outlet mean velocity and turbulent
kinetic energy profiles are sustained throughout the domain, and their curves fit with wind tunnel
test data.

Calautit et al. [54] modeled the entire closed-loop subsonic wind tunnel to perform a
numerical investigation into the design and simulation of the flow parameters using the k-¢
turbulence model in Fluent software. A uniform boundary condition of the measured pressure was
imposed along the inlet surface (intake fan), and the pressure outlet was set to zero gauge pressure.
Several guide vanes configurations were modeled and tested in the wind tunnel corners to eliminate
the flow separations and improve the up-flow, cross-flow, and turbulence in the test section. The
results of predicted and measured mean velocity and turbulence intensity profiles at the test section
showed a good agreement. Furthermore, these results also showed that the flow quality was more
influenced by adding the guide vanes in upstream corners in line with the test section than
downstream. Another set of CFD simulations was performed to validate wind tunnel measurements
of velocity, turbulence intensity, and pressure coefficients around the block model in the test
section. The results showed the ability of this CFD model to replicate wind tunnel measurements
with small errors.

Moonen et al. [55] modeled both the entire closed-loop subsonic wind tunnel and the
conventional approach to establish a methodology for numerically modeling flow conditions in a
wind tunnel. The CFD simulations using standard and realizable k-¢ models were performed for
validation with two sets of experiments comprising measurements in the empty test section and

11
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around a block-type building model placed in the test section. Uniform boundary condition of the
measured pressure was imposed along the inlet surface (intake fan) for the closed-circuit domain
and available uniform velocity profile from the experiment at the inlet boundary condition for the
conventional approach domain. The outlet zero static pressure was set for both domains. The
predicted and measured results of velocities at all positions around the building model were
compared, and the match of the results from the full wind tunnel model simulation was 2—4 times
better than the conventional CFD analysis of the test section only.

Besides the previous researches that focused on modeling the entire wind tunnels, the
conventional approach, or only the test sections with the placed passive devices, other researchers
recommended modeling the contraction (effuse) with the test section to simulate accurate ABL in
the test section. Blanco [56] modeled the contraction section of the open-loop low-speed wind
tunnel using both 2-D and 3-D domains. Computational investigations were done in ANSY'S Fluent
based on the SST k- for 2-D computations and the BSL model for 3-D computations. Various
inflow boundary-layer thicknesses and Reynolds numbers were set as boundary conditions for the
inlet of the contraction to investigate the influence of inflow velocity profiles entering the
contraction on the characteristics of the flow entering the test section. However, the results
suggested that the uniform velocity profile into the contraction is a sufficient boundary condition
since the displacement thickness of the boundary layer exiting the contraction is independent of the
inlet displacement thickness, which is also confirmed by Pook et al. [57].

2.4.2 Previous CFD Studies for Medium-rise buildings

The great majority of CFD investigations have been established around either relatively tall or
moderately low-rise buildings. Medium-rise buildings are those with heights between 20 and 120 m
and a ratio of height to minimum width less than or equal to four [28], so only a few CFD
investigations for buildings fall in this category.

Downie et al. [58] performed CFD simulations to replicate the results obtained in the wind
tunnel tests to calculate allowable facade loads for a medium-rise building, using the SS7 k- model
in Ansys CFX software. Experimental tests were carried out in a blockage tolerant boundary layer
wind tunnel, where vertical spires, barriers, and roughness blocks were modeled to generate an open
terrain category upstream of the building model. For the CFD, spatial computational domain,
modified boundary conditions, and 3-grid independence were designed to ensure the consistency of
the results. Mean pressure coefficients were measured and predicted on the windward, sides,
leeward, and roof of the rectangular cylinder model with 60 m full scale’s height, at varying degrees
of incidence 0°, 30°, 60°, and 90°. Excellent results agreement was showed in central windward
locations, and the results for all faces and all angles of incidence converged more as measured
locations moved away from sharp edges.

Druenena et al. [59] applied different geometry modifications to a medium-rise building with
60 m height to reduce pedestrian-level wind (PLW) speed around it, like canopies, podiums, and
permeable floors. CFD simulations using different turbulence models were performed to simulate
mean wind speed around the building without modification (reference case) and validation with
experiments in a wind tunnel. The realizable k-¢ turbulence model was the accurate turbulence
model and later used to study the effect of these modifications on PLW conditions. These
modifications include: (i) different sizes of the canopy around the building at a fixed height above
the pedestrian level, (ii) different sizes of the podium attached to the base of the building with the
same height, and (ii1) the introduction of a permeable floor in different floors of the target building.
However, mean wind speeds at pedestrian level simulated for each modified case and compared
with the reference case. The results showed that the canopy and podium modifications have a much
higher effect on the PLW speed than introducing a permeable floor.

Hubova et al. [60] measured external pressure coefficients on an atypical cross-section
medium-rise building with 91.5 m height in the open-circuit wind tunnel (SvF STU) built-in
Bratislava (Slovakia) for comparison with achieved results by CFD simulations. The 3D transient
RANS equations with the SST k-w turbulence model using the Ansys Fluent software were
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performed for two types of model surfaces (smooth and rough ones). The results of the external
pressure coefficients at two levels on the building walls for four wind directions achieved by CFD
were in good coincidence with the measured results.

2.4.3 Previous CFD Studies for Low-rise buildings

The common structures built all over the world can be categorized as low-rise buildings used
for residential, commercial, and other purposes. Therefore, extensive numerical simulation work
has been done for low-rise buildings with various shapes and placed in different terrain and
topography types.

In this case, it is preferable to review only some of the previous CFD studies related to the
types of low-rise buildings used in this thesis: gable, mono-slope, and curve roofs low-rise
buildings.

Ozmen et al. [44] investigated the turbulent flow fields on the gabled roof low-rise building
models having various pitch angles (15°, 30°, and 45°) submerged in ABL, experimentally and
numerically. In the experiments, measurements of velocity and surface pressure with flow
visualization around the models were carried out. The 3D solutions of the flow fields using the
Ansys Fluent with two different turbulence models (realizable k-¢ and standard k-w) were achieved.
The numerical results showed that the Realizable k-¢ predicted the mean velocity and turbulence
kinetic energy better while the standard £~ predicted the mean pressure coefficients better.

Similar work was performed by Tominaga et al. [61] on other gabled roof low-rise building
models having various pitch angles (16.7°, 26.6°, and 36.9°). The CFD simulations using four
turbulence models the (standard k-g, RNG k-¢, realizable k-¢, and SST k- @) were performed for the
26.6° roof pitch model to compare results with the experiments. The turbulent kinetic energy
obtained with the RNG k-¢ and the k- @ SST models show better performance than the other two
models. On the other hand, the velocity results obtained with RNG k-¢ are slightly better than the
results of other models.

Yang et al. [62] studied the influences of two different forms of inflow boundary conditions
on modeling the equilibrium ABL and the specification of the SST k- turbulence model parameters
by comparing numerical results and the wind tunnel test data of wind pressure distributions on the
gabled roof low-rise building with 26.7° roof pitch. The two forms employed to define the inflow
velocity conditions are the power-law model (POW-SST2) and the logarithm-law model (LOG-
SST2). The wind pressures predicted by the LOG-SST2 are more coincide with the experimental
data.

Peren et al. [63] studied the influence of different asymmetric opening window positions and
different roof inclination angles on natural ventilation in the mono-sloped roof low-rise building
models. First, CFD simulations were performed using different turbulence models for validation
with previously published wind-tunnel measurements of the flat roof low-rise building model. The
validation of results showed that the accuracy of the SST k-w turbulence model is better than others.
Other CFD simulations by the same accurate turbulence model were implemented to analyze the
volume flow rate through the windows, wind velocity inside the building, and pressure coefficient
on the building's windward and leeward walls when building geometry changes.

Holmes et al. [64] carried out computational investigations of mean pressure coefficients on
various curved roof low-rise building configurations through 3D steady-state equations with the k-¢
turbulence model. Effects of three wind directions normal to the arch axis of the typical
configuration building model and the effect of changed length/span ratio and rise/span ratio of
building model on external pressure coefficients were computed. Moreover, the building’s external
and internal pressures with an open-end for two wind directions were also computed.

Ntinas et al. [65] examined experimentally and numerically three types of common low-rise
buildings, curved, gabled, and flat roofs (with the same height, width, and length) to validate
different turbulence models for predicting airflow patterns. An acceptable agreement was found
between the experimental and CFD results regarding the velocities and the turbulence kinetic
energies (TKE) around all building types. The results also showed that the SST k-w model provides
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better accuracy in predicting TKE, while the realizable k-¢ and RNG k-¢ models have better
accuracy in predicting velocities.

Fouad et al. [66] performed an intensive study for common structures such as gabled and
mono-sloped roof low-rise buildings, trusses, and domes to explain the capability of obtaining
useful design data using the CFD technique. Preliminary CFD investigations were performed for
validation with wind tunnel experiments. That was done by calculating pressure coefficients on a
gabled roof building and circular silos using three types of flow: laminar flow, turbulent RNG £-¢,
and LES flow types. The comparison of results showed that the laminar flow approach gave more
conservative values than other applied models, so this approach was adopted for other CFD
investigations. The predicted pressure coefficients on the four structures compared with the
European (EURO) and the American Society of Civil Engineering Standard (ASCE) Codes values,
and results showed very good agreement.

Abohela et al. [67] investigated the influence of the roof shape, wind direction, building
height, and surrounding urban configurations on the wind flow above the roof of low-rise building
models to identifying the optimum mounting location of roof-mounted wind turbines using CFD
simulations. The realizable k-¢ turbulence model was used after their results of pressure coefficients
on a cube have the best agreement to the data of 15 wind tunnel tests. However, in the first, stream-
wise velocities and turbulence intensities were simulated for six different roof shapes covering a
cubic building (flat, domed, gabled, pyramidal, curved, and mono-sloped roofs). The maximum
normalized velocities that provide higher potential energies were achieved above the center of the
domed and curved roofs in all wind directions. Then other simulations were then performed on
curved roof models with different heights. The results showed increasing normalized stream-wise
velocity with increasing building height at the same location above the building roof. The last
simulations were performed on the curved roof building model surrounded by other cubical
building models with different heights and configurations. Results showed that the normalized
stream-wise velocities for all cases were less than the isolated building model case.
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CHAPTER 3: NUMERICAL SIMULATION

3.1 Introductory remarks

Computational fluid dynamics provides different numerical methods to investigate complex
fluid flows, including finite difference method (FDM), finite volume method (FVM), and finite
element method (FEM). In CFD, the first step in solution process is discretization of a domain, and
then numerical methods are applied to transform the partial differential equations into a series of
discrete algebraic equations, to be solved numerically, with specified boundary conditions to
simulate the flow field [68].

Among these methods, the FVM has some characteristics that make it the preferred method in
CFD. It can be formulated in the physical space on unstructured meshes, where the spatial domain
is discretized into non-overlapping elements (or finite volumes or cells). Another essential attribute
of the FVM is that it is strictly conservative since the flow flux is entering a given volume matches
that leave the adjacent volume. These face fluxes are predestined at the finite volume faces and
calculated from some conservation equation terms. Finally, the unknown variables in the FVM are
estimated at the central of the cells, not at their boundary faces, so it is easy to apply various
boundary conditions in a non-invasive manner [69].

In this thesis, the numerical simulation is performed using the commercial Ansys Fluent code
based on the FVM, developed for fluid flow and heat transfer modeling in complex geometries.

The pre-process needs to be prepared before start any numerical calculations, including:

e selection of the physical phenomena of interest to be numerically formulated (i.e.,
various concepts related to ABL or wind-induced pressures on the building),

e defining geometry of region (computational domain),

e generating mesh for the domain (domain discretization)

e defining boundary conditions.

3.2 Governing Equations

The governing equations of continuum mechanics can be written in the differential form as
[69-72]:
1. Conservation of mass or continuity equation

‘Z—fw.(pr?): 0 (3-1)

2. Conservation of linear momentum

6,;_tV + V.(pl717) =—Vp+VT+pg+F (3-2)

3. Conservation of energy

%+ Vipe?)= V7 )-V(p7)-V.q,+q, (3-3)

where:

p -is the density,

V -is the velocity vector, V =ui +vj + wk ,

v -is the gradient of a scalar, V =(8/dx)i+(8/dv)j +(0/éz)k,
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P -is the pressure,
g -1s the gravity,

F -is external body forces,
e -is the total energy,
‘g, -1s the rate of heat transfer,

*q, -1s the rate of heat source or sink,

T -is the stress tensor, and it is given by
F=ulV7+viT)-2/3(vi )] (3-4)

where u is the molecular viscosity coefficient, / is the unit or identity tensor, and the gradient of a
vector V is a tensor given by

ou 0Ov ow ou ou Ou
& ox ox ox 0oy Oz
VYV = Ou v ow , and its transpose VI = v v v
ay oy oy & oy oz
ou 0Ov ow ow ow ow
% % ol o o &

Also, the energy equation in terms of temperature reduces to

%(pcpT)+ Vpe,T7)=v.(kvT)+ 0" (3-5)

where cp is the specific heat at constant pressure, 7 is the temperature, £ is the thermal conductivity
of the fluid, and Q7 'is given by

T De a(lnp) Dp .
= pl—~— -2/3¥Y -
© =Pl 5\ 3n1) ) D tHerg, (3-6)
2
Y= 6_u+ﬁ+8_w (3-7)
ox Oy Oz

ouY (v (ewY | (ou ov) (ou owY (ov ow)

O=2|— | +|—| +H —| |+ —F— | +H| —F+— | +| —+— (3-8)
ox oy 0z oy Ox 0z Ox 0z Oy

For natural ABL, the flow is incompressible, with neglect of the Coriolis effects by assuming
the surface layer to be fully turbulent and adjacent enough to the earth’s surface, and no heat added.
The dissipation term ¥ has negligible from equation (3-1) when the density is constant. Moreover,

the term (A(In p)/A(InT))=0 as the density is constant [68,69,73]. Therefore, the time-averaged
governing equations become:

‘2—/; +v(p7)=0 (3-9)
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B (o7 )=+l 07 e -10)

%(pcpT)+ V. pe,T7)=V.(kVT)+® (3-11)

3.3 Turbulence Models

Various types of turbulent models are used in CFD codes. Fluent provides different turbulent
models, as explained in detail in the Ansys Fluent Theory Guide [74]. From historically perspective,
the two-equation turbulence models are the most extensively used in industrial applications. These
models are based on solution of two transport equations and they model the Reynolds Stresses using
the eddy viscosity approach.

In deriving the governing equations in section 3.2, it was not mentioned if the flow was
laminar or turbulent. For turbulent flow, the flow behavior is random and chaotic, precluding an
efficient calculation of all fluid particles motion. Osborn Reynolds (1894) suggested the turbulent
flow can be defined in terms of the mean values of flow properties V,P,e, T, etc., and some
statistical properties of their fluctuations V', P’,e’,T’, etc., simplifying problem thereby [75]. This
simplified formulation is called the Reynolds decomposition. Applying this in equations (3-9),
(3-10), and (3-11) will give,

Z’;’ +V.p7+7)=0 (3-12)

V) G [l N7 1= 5 )+ VAV )+ 07 e 1)

% loe, T +1)|+V]pe, T +T )7 +V")|= Vv (T + 1)+ @ (3-14)

The Reynolds averaged forms of these equations are obtained as,

[ _
- +V(p7)=0 (3-15)
a’gt +V(pPV)=-Vp+V - pVV')+ pg (3-16)
s (pe,T)+ Vi pe,7T) =V kVT = pe, VT’ |+ ® (3-17)

The extra averaged products of the fluctuating components due to the non-linear terms are
known as Reynolds stress tensor 7 = —pV'V"and turbulent heat flux vector *g* = —pc, V'T', and

their expanded forms are given by

ulul ulvl ulwl u!TI

R [N G 1 e R 1
0 =—pluVv VYV VW | q" =—pc,| VT (3-18)

1 ’ ! U U ’ U !

uw  vw ww wT
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These new unknowns need other equations to specify and model them in terms of mean flow
quantities, in order to close the open set of governing equations. There are four main categories of
these models: algebraic (Zero-Equation) models, one-Equation models, two-Equation models, and
second-order closure models.

3.3.1 Boussinesq Hypothesis

Boussinesq hypothesis relates the Reynolds stresses to the mean velocity gradients [69,76], so
that the equation for incompressible flows becomes:

R = VWV =y (VV VYT )=2/3pk (3-19)

where u; is the turbulent eddy viscosity, and & is the turbulent kinetic energy defined as k =
1/2v'v’
Similarly, the turbulent thermal fluxes are considered in equivalence with Fourier’s law as

"q* =—pe, VT =k VT (3-20)

where £; is the turbulent thermal diffusivity.

3.3.2 The Shear Stress Transport (SS7) k-« Model

The simulations in this study were done using the SS7 k-w model, combining the k-e model in
the free-stream region and k-w model in the near-wall region, in order to take benefits of their
advantages. The SST k- model includes some modifications to the standard k- model that makes
it more accurate and reliable for a more comprehensive class of flows when two transport equations
are solved to determine the two large turbulence scales (the turbulent kinetic energy k£ and the
specific dissipation rate w) [69,74]. Many researches show the accuracy of this turbulence model to
simulate various ABL and predict pressures on building as in [9,77]. The two transport equations
for this model are written as follows:

a’a';tk +Vp7k)=Vu, ,Vk)+ G, -, (3-21)
a’g—t‘" +VpP )=V u, Vo)+G,-Y,+D, (3-22)

where w=k/e, it is the rate at which turbulence kinetic energy is transformed to internal thermal
energy per unit volume and time, and it is better qualified for predicting separated flows. ¢ is the
rate of dissipation of turbulence kinetic energy per unit mass due to viscous stresses, formed as

¢ =%%(v7’+(v7’)T): (V7 + (7Y ) (3-23)

In these two equations, fegk, tefw are the effective diffusivity of k and w, respectively. G, is

the generation or production of turbulence kinetic energy due to mean velocity gradients, and G, is

the production of w. Y and Y,, are the dissipation of k£ and @ due to turbulence. D, is the cross-
diffusion term.

3.3.2.1 Modeling the Effective Diffusivity

Hyppo =H+ ? (3-24)

k
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H,
=u+-- -

Heygp = H 5 (3-25)

where the turbulent viscosity u; is computed as follows:

1 = pk 1
T (3-26)
® Ma){ L Sth}
o aw

and &, ,0,, are the turbulent Prandtl numbers for £ and w, respectively, they are computed as:

~ 1

k= Flo,+(-F)/o,, (3-27)
5 _ 1
* Flo, +1-F)o,, (3-28)
In equation (3-26): a;= 0.31, and S; is the magnitude of the strain rate defined by
S, =1/2(V7+vi") (3-29)

The coefficient a” damps the turbulent viscosity causing a low-Reynolds number correction. It
is given by

\ {ag+Ret/Rk}

a =a
“| 1+Re, /R, (3-30)
where a, =1, a; =0.024, Re, = pk/ uow, and R, =6.
The blending function F> given as,
F, = tanh(y?) (3-31)
where
k500
y, =max| 2 Vk_ e (3-32)
0.090y py @
and y is the distance to the next wall.
Moreover, in equations (3-27) and (3-28): The blending function F; given as,
F, = tanh(y}) (3-33)
where
. Vo500 | 4pk
¥, = min| max 5 | —
0.090y py'ew|o,,D,y
| (3-34)
D) = max{2p —VikVo, IO_IO:I
Cpy @

and the model constants are ox ;/=1.176, or.2=1, 06, =2, and 0,,2=1.168.
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3.3.2.2 Modeling the Turbulence Production

The term G, is described as:

G, =min(G,,10p8" ko) (3-35)
where the Gy for incompressible flow can be obtained by
G, = p® (3-36)

Here, @ is combated from equation (3-8) and S is given by

B =pli+¢ Fm)) (3-37)
,B[*Z ;|:4/5+(Ret/Rﬂ)4:| (3-38)
1+(Re, /R, |

where F(M,) is the compressibility function, which is zero for incompressible flow, so g*= "= [,

=0.09.
The term G, is defined as:

~ a ~
, =223, (3-39)
H,
where
A a,+Re /R, (3-40)
o | 1+Re, /R, ]
and R,=2.95, ag=1/9, o’ and Re, are given by equation (3-30), and aw is defined as
a,=Fa,,+(1-F)a,, (3-41)
where
O S — 3-42
. ﬂ; Ou :B; (42
P R 3-43
> ﬂ:’ U{u,Z ﬂ::) ( ) )
where x=0.41, f,,=0.075, and p,,=0.0828.
3.3.2.3 Modeling the Turbulence Dissipation
The term Y is defined as:
Y, = pp ke (3-44)

The term Y,, is defined as:
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Y,=pp o (3-45)
where = S which is given by

B =Fp,+(1-F)B., (3-46)
3.3.2.4 Cross-Diffusion Modification

The blending of the k- model with the k-w model leads to introduce a cross-diffusion term
D, which is defined as

1 1
—VkVao (3-47)
C,o @

D,=20-F)p

In addition, in the SST k-w model, the turbulent thermal conductivity in equation (3-20) is
computed as:

P
Pr

t

(3-48)
where Pr; =0.9.

3.3.3 General Conservation Equation or General Scalar Transport
Equation

The general scalar equation is the equation that can denote any of the conservation equations
or turbulence transport equations [69,74,76]. The equations (3-15), (3-15), (3-16), (3-17), (3-21),
and (3-22) can be expressed in general equation for a scalar property ¢ as

op¢ ( >

Ll v (plg) =V(r*vg) + S,
2 = 7 3-49

tem;g:zt?;erm convection term diffusion term sou;/_‘eterm ( )

where ¢ denotes the unknown variables u, v, w, T, k, o, etc., I'? is diffusion coefficient for ¢, V¢ is
the gradient of ¢, and Sy is the source of ¢ per unit volume.

This equation is used for computational procedures in the FVM to develop CFD codes by
concentrating on the general equation instead of the individual equations representing conservation
laws.

3.4 Numerical Solution Methodology

Ansys Fluent is solving the integral equations of conservation laws and other scalars such as

turbulence using the FVM technique comprising the following steps:

1. Division of the domain into discrete elements to construct the mesh.

2. Integration of the equations over each element to form a set of algebraic equations for the
discrete dependent variables, i.e. “unknowns”: velocities, pressures, temperatures, and
other conserved scalars.

3. Linearization of discretized equations and solving the resulting linear equation system to
calculate updated values of dependent variables.

3.4.1 The Density-Based Solver

In Ansys Fluent, the density-based solver technology is used in this study to solve the coupled
governing equations simultaneously and afterward to solve the turbulence equations sequentially,
[74]. Due to the non-linearity of the governing equations, several iterations must be performed until
convergence criteria are met. The solution steps of every one iteration are shown in Figure 3.1.
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Update properties

Solve continuity, momentum, energy,

equations simultancously

Solve turbulence equations

N Y
S oo ]L.

Figure 3.1 Illustration of the density-based solver

Implicit formulation was used to linearize the non-linear governing equations, applied to the
coupled set of governing equations. This process will result in a linear equations system with N
equations, where N is the number of coupled equations in the set, which are solved by symmetric
block Gauss-Seidel in conjunction with an algebraic multi-grid (AMG) method. The transport
equations for extra scalars such as turbulence are linearized and solved implicitly using the method
described in section 3.4.2 below.

3.4.2 The Discretization of the General Scalar Transport Equation

After discretization of the solution domain into a finite number of discrete regions, called
control volumes or cells, the general scalar transport equation is discretizing over each cell in the
computational domain to result an algebraic equation that links the value of a variable in a cell to
the values of the variable in the neighboring cells.

The process of equation discretization starts by integrating equation (3-49) over a cell that
allows recovering its integral balance form [74], which is termed as

j% AV +§pPp. dA=§I*Vg. dd+[S, av (3-50)

where 4 is the surface area vector, and V is the cell volume.

This equation is employed for each cell in the computational domain. An example of such a
cell is the two-dimensional triangular shape is shown in Figure 3.2. Discretization of Equation
(3-50) on a certain cell yield to

o ) ¢ N fuces - - N fuces s _
— vt ; oV, b A = Zfl I'Vg. . A,+8,.V (3-51)

where
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Niaces -1s the number of faces enclosing cell,
@7 -1s the value of ¢ at the center of the face f,

prf’ @7 -is the mass flux through the face,
/Tf -is the area normal vector of face £, |A| = |Axi +A,j+ AZE| in 3D,

V¢, -is the gradient of ¢ at face f,
V -is the cell volume.

® cell or face centroid
4 nodes

non-orthogonal

Figure 3.2 Adjacent Cells ¢o and ¢ with Vectors

3.4.2.1 Discretization of the Temporal Term

The spatial discretization for the time-dependent equations is identical to the steady-state case.
Discretization in time uses integration of each term in the equations over a time step At.
A general expression for the time derivative of a variable ¢ is defined as follows:

99 _
5 [ @ (3-52)

where function F includes any discretization in space. If the time derivative is discretized using
implicit time integration, the first-order accurate discretization in time is given by:

¢n+1 _ ¢n el (3_53)
Yy Y _F
Az (")
where n+1 is the next time level value, t + At, and 7 is the current time level value, t.
The value of ¢"*' in a given cell is interrelated to values of ¢"*' in neighboring cells through

F(¢n+l) ,
¢n+1 — ¢n +AtF(¢n+l) (3_54)
Equation (3-54) can be solved iteratively through the time domain in unconditionally stable
concerning time step size.

3.4.2.2 Discretization of the Convection Term

The discrete values of scalar ¢ are stored by default at the centers of the cells (¢p and ¢; in
Figure 3.2) in Ansys Fluent, so the face values ¢, for the convection term in equation (3-51) are
need to be interpolated from the cell center values. That is obtained using an upwind scheme.
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Several upwind schemes are available in Fluent; in general upwinding means that the face
value ¢ris calculated from quantities in the cell upstream in respect to the normal velocity direction.
For triangular and tetrahedral meshes, the second-order discretization will provide better results
since the flow is never aligned with the mesh. Second-Order Upwind Scheme was selected to
compute the face values using the following expression:

¢f,sou =¢+Vo.r (3-55)

where ¢ and V¢ are the cell-centered value and its gradient within the upstream cell, and 7 is the
displacement vector from the upstream cell centroid to the face centroid.

Gradients are required not just to calculate a scalar at the cell faces, but also to calculate
secondary diffusion terms and velocity derivatives. The gradient V¢ is employed to discretize both
the convection and diffusion terms within the flow conservation equations. The gradients were
calculated at the cell center using the Green-Gauss theorem as follows:

Vo= %Zaf;if (3-56)
7

where ¢ 7 is the value of ¢ at the cell face centroid, and computed by the arithmetic average of the
nodal values on the face (this is called Green-Gauss Node-Based Gradient Evaluation),

s, =N%_Z'¢7n (3-57)

where Nyis the number of nodes on the face, and ¢, is formed from the weighted average of the cell

values surrounding the nodes.
The use of the node-based gradient, particularly in irregular (skewed and non-orthogonally
cells) unstructured meshes, is more accurate than other Green-Gauss gradients.

3.4.2.3 Discretization of the Diffusion Term

In the unstructured mesh, as shown in Figure 3.2, the non-orthogonal is the angle between the
face normal vector /Tf and the element center-to-center vector ds, and the skewness is the distance

between the face center f'and the element center-to-center vector ds.

These metrics can lead to a loss in solution accuracy if not adequately handled because of
their effect on calculating the projection of the gradient over the normal face area vector through a
given face f, which is attendant to the diffusive term of a transport equation.

For equation (3-51) in the discretized diffusion term, the gradient along the face normal
direction is calculated by

ds Ae e

s s

Vg, = b=9) A_, [W - W.ZS%] (3-58)

where ds is the distance between the cell centroids, €, is the unit normal vector directed from cell co
to c1, and V¢ is the average of the gradients at the two adjacent cells (the gradient for each cell can
be computed from equation (3-56)). This approximation will preserve the second order of accuracy
[74,78].

3.4.2.4 Discretization of the Source Term

All terms of discretized equation that cannot be written as convection or diffusion terms are
treated as sources. These source terms manipulate the physics of the problem and the numerical
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stability of computations, but if properly handled, they may improve the robustness of solution.
In practical situations, the source term may be a function of the dependent variable, so the
finite volume method linearize the source term as,

S, V=SV, +S,¢V, (3-59)

here, p denotes the cell p, S is the constant part of the source term, and S, is the non-linear part.

3.4.2.5 Solving the Linear System Equations

By applying the discretized schemes to the discretized scalar transport equation (3-51), a non-
linear equation will be produced, having the unknown scalar variable ¢ at the cell center with the
unknown values in the surrounding neighbor cells. A linearized form of this equation can be written
as

a,p, = Zblanb o +0 (3-60)

here, the nb denoting the cell neighbors of the cell P, and ap and a,» are the linearized coefficients
for ¢ and ¢@np. In general, the number of neighbors for each cell equals the number of faces
surrounding the cell.

For every cell, one equation of this form is assembled. Thus creating a system of algebraic
equations:

A¢ =b (3-61)
with this matrix form
a4 ® ® 11a] [b]
® o ® ®
® ® a » ® ® X ¢p = bp (3-62)
® ® o &
L ® ® anb _ _¢nb a _bnb_

where 4 is the coefficients matrix of unknown variables result from the linearization procedure and
the geometry quantities. The unknowns ¢ are the sought-after values, located at the centroids of the
mesh elements. The vector b comprises all sources, constants, boundary conditions, as well as non-
linear components.

Ansys Fluent solves this linear system using a point implicit Gauss-Seidel method combined
with an algebraic multi-grid method.

3.4.3 Density-Based Solver for the Coupled Set of Governing Equations

The density-based solver is solving simultaneously the equations of continuity, momentum
and energy, as a set of equations by the coupled-implicit formulation algorithm.

3.4.3.1 Governing Equations in Vector Form

The system of equations can be written in integral Cartesian form for an arbitrary control
volume V with differential surface area d4 as follows:
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%jw. av +§(F-G).da=[H av (3-63)

where W, F, and G are defined as

P pu 0
pu puu + Pi .
W=:ipvi, F=ipuw+Pj , G=11, (3-64)
Ppw Lpuw + Pk T,
pe pue + Pu Tu; +q

with the total energy e correlated to the total enthalpy # by e = h—p/p, and the vector H
comprises energy sources and body forces.

The Navier-Stokes equations, in equation form (3-63), become (numerically) very stiff at low
Mach number and also for incompressible flows due to the disparity between the fluid velocity and
speed of sound, [74]. This issue was resolved in density-based solver by using time-derivative
preconditioning technique to provide an efficient solution of flows at all speeds, both compressible
and incompressible. In this technique, the time-derivative term in equation (3-63) is modified by
pre-multiplying it with a preconditioning matrix, providing the same effect of re-scaling the
acoustic speed (eigenvalue) of the system of equations to reduce the numerical stiffness
encountered in low Mach numbers and incompressible flow. Thus, the preconditioned system in
conservation form becomes

r%lg. av +§(F-G). a’Az_V[H.dV (3-65)

where Q is the vector {P,u, v,w, T}T and I is the preconditioning matrix given by:

e 0O 0 O POr
Ou e 0 O Pl
=l 6v 0O p O Prv (3-66)
Ow 0O 0 p LPrW
| Oh—6 pu pv pw prh+pC, |

For an incompressible fluid § = 0, pr is the derivative of density with respect to temperature at
constant pressure, and the parameter O is defined as

1 p
O = [F_p—éj (3-67)
P

here, U; is the reference velocity that is chosen locally.

However, the resultant eigenvalues of the preconditioned system (equation (3-65)) are given
by

ﬂ{l"l g—gj =u,u,u,u’ +c,u' +c' (3-68)
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where
u=wp, u=u(l-¢), =\E+U, £=(1-¢U?)2, §:[pp+p—éJ
Pp

For an ideal gas, ¢ = (7RT )_] =1/c?. Thus, when U, = c (the sonic speed), £ =0and the
preconditioned system’s eigenvalues take their traditional form,u +c. At low speed, as
U.—0,& —>1/2, all eigenvalues have values of the same order as u. For constant-density flows,

¢ —0,& =1/2, independent of the values of U,. If the reference velocity is of the same order as

the local velocity, all eigenvalues are of the order u. Therefore, the eigenvalues of preconditioned
system is well-conditioned at all speeds.

3.4.3.2 The Discretization of the General Vector Equation

The governing equation (3-65) is discretized in space using a FV technique, with the physical
domain is subdivided into cells, and the integral equations employed to each cell. Thus moderated
to the following system

N fuces R
%_?VJF Z (ﬁf _Gf): HV (3-69)
7

where ﬁf and (A;‘ ,are the convective and diffusive face fluxes [79-81].

3.4.3.3 Spatial Discretization

The solution vector Oy used to evaluate the fluxes at cell faces is computed using equations
(3-55), (3-56), and (3-57) by replacing ¢ by Q.
The diffusive face flux G , appearing in equation (3-69) can be written in terms of spatial

gradients of the primary variables as follows:

A

G, =R; VO, (3-70)

where R;; are sparse matrices containing face area projections, and viscous and thermal diffusion
coefficients.

Rxx X zx
R,=|R, R, R, (3-71)
sz R vz Rzz

Also, VQ, is computed from equation (3-58) by replacing ¢ by Q.

The convective fluxes appearing in equation (3-69) are assessed by a standard upwind flux
difference splitting. This concedes that F' comprises information propagating through the domain
with speed and direction according to the system’s eigenvalues. By separating F' into two parts,
each will contain information traveling in a particular direction, while upwind is differencing the
separated fluxes consistently with their corresponding eigenvalues. Therefore, the following
expression was obtained for the flux £, at each face:

| U DR
F, = E(FR ~F,).4, —STIAl8 (3-72)
Where 50 =0, —0,, F, =F(Q,)and F, = F(Q,) are calculated using the reconstructed solution
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vectors Qg and Oy, on the "right" and "left" side of the face. The matrix | A | is defined by

|A=M|A| M (3-73)
where
A= diag(u,u,u,u'+c',u’+c') (3-74)
and M is the modal matrix that diagonalizes 'A , where A is the inviscid flux Jacobian

_oF -

A=—1.
aQ f

(3-75)

For the non-preconditioned system and an ideal gas, equation (3-72) reduces to Roe’s flux-
difference splitting when Roe-averaged values are used to evaluateI | A | arithmetic averaging of

states Or and Q.
In the given form, equation (3-72) can be interpreted as a second-order central-difference plus
added matrix dissipation [74,82—-85].

3.4.3.4 Linearization

In Ansys Fluent, the coupled set of equation (3-65) is discretized in time for both steady and
unsteady state calculations. In the steady state case, the time marching progresses until a steady-
state solution is obtained. Discretization of the coupled equations in time is made by applying
implicit or explicit time-marching algorithm.

In the implicit time-marching algorithm, as used in this study, Euler implicit discretization in
time is merged with a Newton-type linearization of the fluxes to yield the following linearized
system in the following delta form

N fuces
{D +2 Sf,j:|AQn+l =-R" (3-76)
f

where AQ""' = Q"' — Q" . The center and off-diagonal coefficient matrices, D and Sy, are given by

V N/ares
D :EH 8, (3-77)
S
¢ _(aFf+aGfJA -
i~ a0 f B
CE)

and the residual vector R” and time step At are defined as

N fuces

R =Y (Flo")-6(0")).4,-HV (3-79)
S
oy 2CFL
S 3-50

f
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where, the subscript j relates to the index of cell adjacent to cell-i across face-f, and 17™is the

maximum of the local eigenvalues expressed by equation (3-68).

Equation (3-76) is solved using Incomplete Lower Upper factorization (ILU) by default or
symmetric point Gauss-Seidel algorithm, in combining with an algebraic multi-grid method adapted
for coupled sets of equations [74,86,87].

3.4.4 Solution Methods
3.4.4.1 The Multi-grid Methods

Multi-grid methods are designed to accelerate the convergence of the solver by computing
corrections on a series of coarse grid levels. They use to reduce the number of iterations and the
CPU time needed to reach a converged solution, mainly when the model includes a large number of
cells [74,88].

Two multi-grid methods are used in Fluent, the geometric multi-grid (GMG) method, which is
also called full-approximation storage (FAS), and the algebraic multi-grid method. GMG method
implements by generating several levels of coarse meshes from the original finer mesh generated by
users (final mesh) to reducing large wavelength errors on a coarse mesh instead of on the fine mesh
since it is more effectively done. However, in AMG, the coarse level equations are produced
without the use of any geometry or re-discretization on that level, which gives an advantage to
AMG over GMG since no coarse meshes have to be assembled or stored, and no fluxes or source
terms require to be assessed on the coarse levels [74,88,89].

These methods are established taking into account that the global error remaining on a fine
mesh can be manageable as local error. Since there are fewer coarse cells overall, the global
corrections can be communicated more rapidly between adjacent cells. Since calculations with
coarser meshes are exponentially cheaper in respect to CPU time and memory storage, there is a
possibility for efficient reduction of global error. In this case, the fine-grid relaxation scheme or
“smoother” either the point implicit (Gauss-Seidel) or the Incomplete Lower Upper factorization
scheme is not mandatory to be particularly effective at reducing global error and can be tuned for
efficient reduction of local error [90].

3.4.4.1.1 Geometric Multi-Grid

Ansys Fluent’s work to forming the multi-grid grid hierarchy is simply to coalesce groups of
fine level cells to form coarse level cells by agglomerating the cells surrounding a node, as shown in
Figure 3.3. Depending on the grid topology, cells with irregular shapes and variable numbers of
faces can result in cells [74].

Figure 3.3 Node agglomeration to form coarse grid cells

As an example of the GMG cycles, the three-grid levels algorithm is organized in Figure 3.4
to illustrate the procedure steps in this cycle, which is called the V cycle [90].
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1.

In the first level, consider the set of discretized linear (or linearized) equations given by
equation (3-61), these algebraic equations on the fine level are solved using iterative solver as
Gauss-Seidel or ILU, but only to partial convergence. Partial convergence is known as
smoothing and performed by one iteration since the overall iteration count is not guided by the
solver but rather by the multi-grid treatment of the errors. So before the solution has converged,
there will be a defect (residual on fine level) [R]! associated with the approximate solution
[¢]%, which computed as

[R]' =[b]-[A][¢], (3-81)

Partial solve [A]'[¢]' =[b]

Partial solve [4]'[¢]' =[b
[4]'[¢], =[b] (4] =[] + [#T*

Compute [RI =[b]-[4]'¢]

[a] [yl Level 1 (fine

S U evel 1 (fine)
|7,J

[R]' = [RP*" [T = [T

Partial solve [4[¢#T =[R]*"
S
Compute [RT =[RP ~[ P[4 L<

’
4
i’

[RE = [RP (4T =47

i
)
!

Level 3 (coarsest)

1S
Solve [AT[4T =[RT*

Figure 3.4 The three levels V-cycle GMG Algorithm

“S” denotes the smoothing operation, “C” denotes the error correction operation, and “U”
denotes the final solution update

2. In the first way down to the second level, the residual computed on the fine level transfer to the

coarse level, the procedure is called restriction. The residual in any coarse level cell is given by
the sum of those from the fine level cells it includes. In the forthcoming, the residual transferred
from the fine to the coarse level will be indicated by [R]¢“F (here[R]??1). These residuals are
next smoothed on the coarse level using the same iterative solver with the specific aim to reduce
the error rapidly. This operation requires the solution of the equation (3-82) to partial
convergence.

[AT[¢]; =[RT* (3-82)

where [A]? is the coefficient matrix (coarse level operator) computed from a re-discretization of the
governing equations on the coarse level mesh, and [¢']} is the predicted correction on the coarse

mesh. This equation principally represents the linear governing system in correction form. Then
residual on the coarse level [R]? associated with the approximate solution[¢']?, will be computed as

3.

[R]" =[RI"" -[AT[¢']; (3-83)

In a second way down to the third level, by the same principles used in step 2, the residual
computed on the coarse level transfer to [R]32 on the coarsest level and coarsest level operator
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[A]® computed on the coarsest mesh. The transferred residuals are then smoothed on the
coarsest level using the same iterative solver by solving the equation (3-84) to partial
convergence.

[AT[4T, =[RT (3-84)

4. In the first way up to the second level, the correction [¢']’ obtained on the coarsest level is next
transferred to the coarse level. This procedure is known as prolongation, where coarse level
corrections [¢']* are obtained by distance-weighted interpolation of coarsest level values. Then
the predicted correction obtained in Step 2 updated by adding to it the coarse level corrections:

(47 =[] +[#T (3-85)

5. In a second way up to the fine level, the updated correction [¢']> obtained on the coarse level is

next prolonged to the fine level corrections[¢']. Then the predicted correction obtained in step
1 updated by adding to it the fine level corrections:

[#7 =[4], +[#1 (3-86)

Finally, at the end of this juncture, the updated predicted corrections [¢']' are smoothed on the

fine level using the same iterative solver and performed by (2 or 3) iteration. This operation
called (post-relaxation sweeps) and requires the solution of the equation (3-87),

[4]'[¢]' =[b] (3-87)

6. Convergence is evaluated by monitoring the residual computed as on step 1, and if the
convergence criterion has not been satisfied, steps 2—6 must be repeated.

Hence, according to the purpose of multi-grid algorithms, the fine level solution will be
convergence faster by increasing the number of coarse levels or increasing the number of cycles per
level or both. However, the multi-grid cycle can be outlined as a recursive procedure applied at each
grid level as it moves through the grid hierarchy. Four types of multi-grid cycles are offered in
Ansys Fluent: the V, W, F, and flexible cycles, more details about these cycles can be found in [74].

In the present study, the GMG method was used in solution steering in the density-based
implicit solver. Solution steering provides an expert system that will help navigate the flow solution
from a starting initial guess to a converged solution with minimum user interaction. As the solver
progresses with the solution iteration, specific solver parameters will be adjusted behind the scenes
to confirm that a converged solution to a steady state is achievable.

Grid Level 1 multistage sweep
. on fine mesh A
Fine ‘
1 - ¢

Coarse 3 O====-0d

L JL ) L J

n cycles n cycles n cycles

in level 3 in level 2 in level 1

Figure 3.5 Illustration of the FMG Initialization
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Solution steering uses a technique known as the full multi-grid (FMGQG) initialization, as shown
in Figure 3.5. At the beginning of its process, the initial solution is restricted all the way down to the
coarsest level, where the calculations start. The GMG multi-grid cycle is then applied until a set
maximum number of cycles is accessed. Solutions are transferred to successively finer grid levels,
and on the finest level, the prolonged solution is used as the premier guess for the start of the
iterative process (AMG process) [74].

3.4.4.1.2 Algebraic Multi-Grid

The AMG method takes advantage of the powerful multi-grid idea of targeted decrease of
large errors while deleting any connection of the method to the dependent grid so that the method
can be used as a plugin-type solver and remarkably attractive for use on unstructured meshes, [77].

The prime step in AMG is that the coarse-grid equivalent equations are constructed from the
fine-grid equations at the algebraic equation level by combining (agglomerating) fine-grid equations
in some fashion, since the fine-grid equations are our starting point and are always available. In this
process, each cell in fine level is grouped with one or more of its “strongest” neighbors, with a
preference given to currently ungrouped neighbors.

The AMG algorithm attempts to gather cells into groups of fixed size. In the setting of
grouping, strongest denotes to the neighbor j of the current cell i for which the coefficient 4; is
largest. For sets of coupled equations, 4; is a block matrix, and the determination of its magnitude
is solely taken to be the magnitude of its first element [74].

In Ansys Fluent, inter-level transfer of AMG is accomplished by piecewise constant
interpolation and prolongation. The Residuals in any coarse level cell are obtained as on the GMG,
while corrections of fine level are given by injection of coarse level values. The coarse level
operator A is constructed to a sum of diagonal and corresponding off-diagonal blocks for all fine
level cells within a group to form the diagonal block of that group’s coarse cell.

3.4.4.2 The Gauss-Seidel Method

This method is used to solve a linear system of equations one at a time, in a sequence. The
point Gauss-Seidel method in Ansys Fluent is used as a smoother to solve the scalar AMG system
of equations or the coupled AMG system of equations. It implements two sweeps on the unknowns,
in forward and backward directions.

In this study, this method was chosen to solve the scalar AMG system, equation (3-61). The
forward sweep can be written as:

¢[k+l/2 _ (b; _ Zaij ¢,l-(+1/2 _ Zai/ ¢,k J/a[j (i =l ,N) (3-88)
j<i J>i

where k& and N are the iteration numbers and unknowns, respectively. The forward sweep is
followed by a backward sweep, which can be written as:

RIS 69

J<i J>i

Following from equation (3-88) and equation (3-89), symmetric Gauss-Seidel can be given in
matrix form as a two-step recursive solution of the system:

(D, +L,)D; (D, +U g = 4" )=b—4¢* (3-90)
where Dy, L4, and Uy represent diagonal, lower tridiagonal, and upper tridiagonal parts of matrix A4,

respectively.
Symmetric Gauss-Seidel has a slightly limited smoothing rate of residuals between AMG
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levels unless the coarsening factor is set to 2.

3.4.4.3 The Incomplete Lower Upper Method

The ILU smoother is using the default smoother to solve the coupled systems, enabling
shorter solution times and more robust performance than the Gauss-Seidel smoother. In common,
any iteration method can be expressed as

Mg —p")=b—Ag (3-91)
where matrix M is a specific approximation of the original matrix 4 from
Ap=> (3-92)
Matrix M should be close to the original matrix 4, while the calculation of M should have a low
operation count. Considering matrix M as an incomplete lower upper factorization of the matrix 4
such that
M=LU=(D+L,)D'(D+U,) (3-93)
The diagonal matrix D is intended to satisfy the following condition for diagonal Dy, of matrix M:
D, =D, (3-94)
In this case, the ith element of the diagonal of D can be calculated using the following expression
a..a ..
d,=a; - Z - (3-95)
a4

In 3D problems, ILU smoother for block-coupled systems solved by coupled AMG has
coarsening factors between 8 and 12 compared to 2 for Gauss-Seidel.
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CHAPTER 4: CFD MODELING OF ATMOSPHERIC BOUNDARY
LAYER

The numerical analysis by CFD was performed for two types of subsonic wind tunnels with
various obstacles and different speeds in their test sections, using the SST k- turbulence model.
The measured velocity profiles within the ABLs generated in both wind tunnels were compared
with CFD results for verifications. The provided CFD analysis also evaluated contours of velocity
magnitude and eddy viscosity along wind tunnels test sections.

4.1 Wind Tunnels Experiments

The two wind tunnels were chosen for this study, where several tests have been done to
simulate different ABLs inside their test sections. The first wind tunnel is the Assiut University
wind tunnel, where three types of ABLs have been generated in its test section by three different
low speeds for each ABL. The second wind tunnel is the Belgrade University wind tunnel that has
generated another type of ABL in the central of its test section at a higher speed.

4.1.1 The Assiut University Wind Tunnel

This wind tunnel has been built in the laboratory of environmental studies and research at the
Mechanical Engineering Department of Assiut University, Egypt. It is a subsonic open-loop, low-
speed (up to 4 m/s). The wind tunnel construction consists of an upstream settling section
(honeycomb and screens), a contraction cone, a heating unit, a second settling section, a boundary
layer development section, a test section, a transition and flexible connection, and an axial flow fan,
as shown in Figure 4.1.
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— Sereen Section an
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Contraction cone

Screens
Honeycomb

Figure 4.1 Construction components and their details of the Assiut University wind tunnel,
all dimensions in mm

The boundary layer development section and the test section have a 1x1 m square cross-
section area. The three ABLs were generated along the boundary layer development section: first
without using any passive devices, second using three triangular flat spires only, and the third by
combining the three spires with 710 cubes (roughness elements), as shown in Figure 4.2. The design
and arranging of the spires and roughness elements are described in [91].

The experiments aimed to measure mean vertical velocity distribution for three different fan
speeds at varying heights in the middle of the test section, at a distance of 3.6 m from the inlet of
the boundary layer development section. These results are obtained in the empty wind tunnel, wind
tunnel with spires only, and wind tunnel with the arrangement of spires and arrays of roughness
elements.
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Figure 4.2 Photograph of the boundary layer development
section with the passive devices and test section at Assiut
University wind tunnel

4.1.2 The Belgrade University Wind Tunnel

This wind tunnel has built at the Aeronautical Institute of the Faculty of Mechanical
Engineering, University of Belgrade, which was designed for aeronautical and environmental
studies and research. It is of a subsonic closed-loop type, with a max. speed of 60 m/s as applies for
the old electrical installation when the tests were accomplished (more details described in [92]). It
involves an upstream settling chamber, an effuser, a test section, a small diffuser, corners, a
channel, an axial flow fan, and the main diffuser, as shown in Figure 4.3.

Figure 4.3 Components of the Belgrade University wind tunnel

This wind tunnel test section has an octagonal cross-section 2 m high, 2.8 m wide and 6 m
long. The ABL here was generated in the central of the test section using four flat plates (barrier
walls), seven semi-elliptic spires, and 1156 small pyramidal elements (roughness elements), as
shown in Figure 4.4. All components dimensions of the wind tunnel and the design of the used
passive devices are described in [92].

The experimental tests here were carried out to measure mean vertical velocity at different
vertical positions from the test section floor, in the middle of its length (3 m from the test section
inlet).
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Figure 4.4 Picture of the test section with the passive
devices at Belgrade University wind tunnel

4.2 The CFD Simulations and Verifications

In this chapter, the CFD simulations have been done in ANSYS Fluent using 3D analyses
with the SST k- turbulence model. Three cases were modeled and simulated for verifications. Two
modeled cases of them for Assuit wind tunnel: spires only case and spires with roughness elements
case, while the third case of not using any passive devices was ignored duo to developed laminar
flow in the test section associated with low speed fan. The third modeled case is with barrier walls
with spires and roughness elements at Belgrade University wind tunnel.

4.2.1 Computational Domain and Mesh Configuration

The half of the effuser and test section were modeled at scale 1:1 (i.e., using the actual wind
tunnel model dimensions) to achieve proper atmospheric boundary layers simulations by CFD for
both wind tunnels because of the vertical symmetry of the flow, as well as to lower the number of
mesh elements in the computational domain.

The unstructured meshes were created for all computational domains, as shown in Figure 4.5
and Figure 4.6. More concern was given to a local intensify in the number of elements on the floor
of test sections, sharp and elliptical edges of spires, and roughness elements, keeping the total
number of elements at moderately low values with adequate mesh quality.

@ (b)

Figure 4.5 The unstructured meshes for two cases tested at the Assuit wind tunnel, (a) — Case of
spires only, and (b) — case of spires and surface roughness.
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Figure 4.6 The unstructured mesh for the Belgrade wind tunnel model

The computational domain for each case depends on the effuser and test section dimensions
with the sizes and shapes of the used passive devices, so the number of mesh elements differs on
each computational domain, as presented in Table 4-1.

Table 4-1 The number of mesh elements on every computational domain

computational domains numbers of mesh elements
Case 1 (spires only at Assiut wind tunnel) 3,600,000
Case 2 (spires and roughness elements at Assiut wind tunnel) 4,800,000
Case 3 (Belgrade wind tunnel) 1,600,000

4.2.2 Setup and Solution

The CFD simulations were done in ANSYS Fluent using 3D steady-state, density-based
solver, RANS approach with the SST k-w model as a viscous model that involving curvature
correction and production limiter. The fluid was air, and a Sutherland law by three coefficient
methods used to describe its viscosity.

The ‘inlet velocity’ boundary condition was set at various velocities at the collector inlet
corresponding to measured velocities at the inlet of the wind tunnels test section, considering the
equal volume flow rate through the collector. Furthermore, the ‘pressure outlet’ boundary condition
was set as zero gauge pressure. Also, the values of turbulence quantities at the boundary were
specified uniformly. Since the accurate profiles of these quantities are unknown, turbulent intensity
and viscosity ratios were set equal to 1% at the inlet and equal to 10% at the outlet of the
computational domain.

Second-order discretization schemes were used for the convective and diffusion terms of the
governing equations. Also, Full Multi-Grid solution initialization and solution steering were used to
achieve a good initial solution at a low cost, with control of setting the Courant number to achieve
the convergence level.

Numerical convergence was attained when the solution monitor for outlet mass flow rate
displayed no variation and continued constant observing a significant number of iterations digits.

4.3 Results and Discussion

4.3.1 Comparison of CFD and Wind Tunnel Experiments Results

The CFD result of simulating the ABL presented in this chapter have been compared with the
established experimental data for 3 general cases to validate here established computational method
over a wide range of subsonic speeds: 1 - 4 m/s in the Assuit University investigations, and 45 m/s
in the Belgrade University wind tunnel.
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The flow velocities for every case of the Assuit University wind tunnel were acquired through
three altered fan speeds of 500, 1000, 1440 rpm during the tests. At 1440 rpm, the maximum flow
rate of about 4 m’/s has been reached in the test section with a 1x]1 m cross-section, so the
corresponding flow speed of the order of 4 m/s.

Figure 4.7 made in Fluent displays the velocity distributions in the symmetry plane for case 1.

These contours have been presented to clearly show the flow field domains behind the spires for the
three different fan speeds.

—

- |

|

(c)
Figure 4.7 Contours of velocity magnitude for case 1, for the three different fan speeds 500, 1000,
and 1440 rpm, respectively
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Figure 4.8 Comparisons of mean velocity profiles for case 1, for the three different fan speeds
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Figure 4.8 shows the comparison between the simulated and measured vertical velocity at a
different height at the test section inlet (i.e., at 3.6 m away from the inlet of the boundary layer
development section) for the three fan speeds. In this case, when the only spires were used at the
Assuit University wind tunnel, the boundary layer thickness was approximately 35 cm. The velocity
profiles show fair agreements excluding the region near the floor wall, where the CFD analyses
were performed assuming a smooth wall since no surface roughness value was indicated in actual
experiments. This assumption has caused a slight predictable difference between the calculated and
measured velocities in that region.

Figure 4.9 displays the velocity magnitude contours in the symmetry plane for case 2, where
both spires and roughness elements were used during the experiment. The effect of this combination
in the flow field domains behind the spires for the three different fan speeds is shown here.

(c)
[m s#-1]
Figure 4.9 Contours of velocity magnitude for case 2, for the three different fan speeds 500, 1000,
and 1440 rpm, respectively

Figure 4.10 shows the comparison between the simulated and measured vertical velocity at a
different height in the same location at the inlet of the Assuit University wind tunnel test section for
the three fan speeds. In this case, the spires with roughness elements were used to generate a thicker
boundary layer thickness of about 60 cm. The velocity profiles show fair agreements over the
complete profile heights for all three fan speeds. Almost all profiles share the same velocity
distributions at all elevations less than 5 cm.

Figure 4.11 displays contours of the mean velocity in several cross-sections at 1440 rpm fan
speed for cases 1 and 2. Spire wakes in case 1 are adjacent to the floor, while in case 2, they are
detached above the roughness elements to the distance of about 1 m from the development section
inlet. The generated boundary layer is more dense and homogeneous in the vicinity of the floor as
the flow moves down the development section.
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Figure 4.11 Contours of mean velocity at various cross-sections, at 1440 rpm fan speed, (a) for
case 1, and (b) for case 2

After verifying the CFD simulations on low speed flows developed at the Assuit University,
the ABL simulation was performed for practically ten times higher speed flow in the wind tunnel
test at Belgrade University.

Figure 4.12 displays the velocity distributions in the plane of symmetry for the combination of

wall barriers, elliptical spires, and arrays of small pyramids used at the Belgrade University wind
tunnel, at the speed of 45 m/s.
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Figure 4.12 Contours of velocity magnitude for case 3, in the plane of symmetry

Figure 4.13 presents experimentally and numerically obtained values of the relative velocity
(vertical velocity in the middle of the test section, divided by the velocity at the inlet of test section
[92]) along with the relative height (vertical distance from the floor, divided by the height of the
spire). The CFD results for this case also demonstrate quite fair agreement with the wind tunnel
measurements for the engineering design requests.
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Figure 4.13 Comparisons of the relative velocity profiles for case 3

Figure 4.14 displays contours of velocity magnitude in several cross-sections along the test
section. The wakes generated by the wall barriers, elliptical spires, and roughness elements are
homogenous as the flow passes them. Also, the thickness of the developed boundary layer is
relatively uniform for a long distance along the test section width, which allows us to make wider

models on this test section.

Figure 4.14 Contours of mean velocity for case 3 in various cross-sections, inside the test section
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Figure 4.15 shows the contours of locally obtained eddy viscosity by the CFD analysis at the
Assuit University test section when the fan speed was 1000 rpm. For the case 1, the domain of large
eddy viscosities arises behind the spires and near the floor, and then it disappears along the
development section. For the case 2, the eddy viscosity has a uniform diffuse downstream and
reaches its higher values behind the spires mid-height.
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Figure 4.15 Contours of local eddy viscosity at 1000 rpm fan speed, (a) case 1, and (b) case 2

Figure 4.16 shows the local eddy viscosity contour of the Belgrade University wind tunnel.
The domain behind spires has the same principle applied in case 2, except that the free-developed
turbulent boundary layer on the upper wall is thicker than both cases at the Assuit University wind
tunnel due to the smaller ratio of the spire height to the test section height.

L‘.

Figure 4.16 Contour of local eddy viscosity for case 3

4.3.2 Valuation of Wind Velocity Profile Parameters

The velocity profile in the ABL, as discussed earlier, is described by logarithmic (log) law
and power law. These laws are expressed using several parameters such as u”, zo, d, and a, which
are essential in selecting the type of terrain types used to generate this velocity profile and scale
models of structures in the wind tunnels.
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The logarithmic law can be expressed as follows:
kU
=2 exp (¥ Jhd (4-1)

and the power law can be expressed as:

a=mmUcz)/U,) In(

) (4-2)

z-d
Z,

s

The indirect approach is used to guess u", zg, and d by matching the logarithmic law in the
inner layer with either experimental data or numerical results of the velocity profile. This approach
uses the generalized reduced gradient (GRG) non-linear least squares method built in the Microsoft
Office Excel Solver add-in [93]. It computes the values of the three parameters that best describe
the experimental data by minimizing the sum of squared differences between determined height
(height where velocity is determined) and predicted height for the same velocity in the logarithmic
law using equation (4-1).

Table 4-2 presents the computed values of u", zg, and d for the three cases of simulating
atmospheric boundary layers that best describe the experimental data after minimizing the sum of
squared residuals using the Solver add-in.

Table 4-2 Values of u+, zp and d

Shear velocity | Roughness length Zero-plane
u" (m/s) 29 (m) displacement d (m)
Case 1 0.108 0.0000285 0
Case 2 0.239 0.0062 0
Case 3 4.753 0.0101 0

Figure 4.17 shows the fitting log law profiles for cases 1 and 2, where the log law profile
passes through predicted height values that give the best fit to the determined height values. The
determined height values were taken from the experimental results of the Assuit University wind
tunnel, obtained at 1000 rpm fan speed.
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Figure 4.17 Best fitting log law profiles, (a) for case 1, and (b) for case 2

Figure 4.18 shows the fitting log law profile for the case 3, where the determined height
values were taken from the experimental results from the Belgrade University wind tunnel.
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Figure 4.18 Best fitting log law profile for case 3

Assuming a scale model 1:100 of an object within the simulated ABL in wind tunnels, the
computed roughness length zy for case 1 would be compatible with a very flat terrain range when
comparisons are made with (Table 2-1above). Also, the value of zy for case 2 would close to the
value of the suburban types, while the zy value for case 3 would agree with the value of the dense
urban type. Alternatively, all computed zero-plane displacements are equal to zero for the
measurements made downstream from the roughness surfaces in wind tunnel test sections.

Also, the power law represents the velocity profile in the outer ABL layer and it is used to
define which terrain type or category is generated by that ABL. The fitting procedure is also
practical for the power law profiles to estimate the values of a, using equation (4-2) after obtaining
the zero-plane displacement d.

Figure 4.19 shows the fitting power law profiles for cases 1 and 2, compared with the
determined relative velocity profiles from the Assuit University wind tunnel, at 1000 rpm fan speed.
For case 1, the power law gave a computed value of a = 0.12, which characterizes a flat area
(Figure 2.3), while for case 2, the computed value a = 0.24 characterizes the suburban area.

Figure 4.20 shows the fitting power law profile for case 3, compared with the calculated
relative velocity profiles from the Belgrade University wind tunnel. In this case, power law provides
value of & = 0.37, characterizing a large city area.
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Figure 4.19 Best fitting power law profiles, (a) for case 1, and (b) for case 2
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Figure 4.20 Best fitting power law profile for case 3

These calculations show a very good match to log law profiles for the inner ABL layer and
power law profiles for the outer ABL layer with different terrain categories.
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CHAPTER 5: EXPERIMENTAL AND NUMERICAL ANALYSIS OF A
MEDIUM RISE-BUILDING WIND LOADINGS

This chapter describes several experimental tests that have been conducted on a medium-rise
building at Belgrade university wind tunnel, where the pressure was measured at different locations
on the model. Then CFD analyses were performed for comparison with experimental results.

5.1 The Wind Tunnel Experiment

All experiments presented in this chapter have been carried out recently in the Belgrade
University wind tunnel to fulfill the research goals within this Ph.D. thesis. While the same passive
devices that were used and described in chapter four are still existing, and the boundary layer with

the urban area exposure category (a = 0.37, z, =0.0101 m) was simulated and obtained.

As most hotels and residential buildings in urban areas fall in the intermediate height
classification, it is interesting to examine and investigate the wind effects upon such structures. So
the medium-rise building as Metropol Palace Hotel at Belgrade, Serbia, as shown in Figure 5.1, was
chosen to model in the wind tunnel test section.

Figure 5.1 Metropol Palace Hotel at Belgrade, Serbia

5.1.1 Building Model

The Metropol Palace hotel has a height of 42 m, so a 1:100 geometrical scale model was
chosen according to matching the Jensen number in the simulated boundary layer in the wind tunnel
with a natural boundary layer

J,=J, Dh—’”= h, = h, =£:>hm=0.42 m
Zom  Zon  0.01 1

m
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Furthermore, the blockage ratio of the model in the wind tunnel test section is less than 5%,
even if the model rotates in the flow direction.

Figure 5.2 shows model building dimensions where the model was positioned in the center of
a 1.45 m diameter turntable plate that permits the flow to attach the model from different angle
azimuths.

622

o <

2004

Figure 5.2 Model building dimensions in mm, with turntable plate

The model walls and roofs are made of 14 woody plates with 20 mm thickness, which were
connected and filled with wood glue to ensure the interconnection of the model. After a while, they
were stained and sanded for optimal wind flow over the model surfaces.

Forty pressure taps of 3 mm diameter were drilled and distributed perpendicularly to three
walls and three roofs on the model, as illustrated in Figure 5.3.

Figure 5.3 Taps locations on the model surfaces, all dimensions in mm

Another plastic plate was connected and glued to the model lower front wall to yield a
canopy. Eighteen pressure taps of 3 mm diameter were drilled perpendicularly to upper and lower
canopy surfaces, nine taps on each canopy surface divided into two rows with a pattern, as shown in
Figure 5.4. At last, the model scrolled to the turntable.
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The locations and patterns of pressure taps were elected to identify better the possibility of
interpolating pressures between them. However, each pressure tap was numbered to recognize
where the pressure will be measured.

© Taps on the upper surface

:: Taps on the lower sarface

Isometric view Detail A

Figure 5.4 Taps locations on the canopy surfaces, all dimensions in mm

5.1.2 Experiment Instruments

The major goal of this experimental investigation is to measure the pressure at different
locations on the model building. The pressure measurement system consists of a tubing system, a
multi-manometer box, and a microcontroller linked to a computer.

The tubing system is compiled of an adapter and a silicone tube. The adapter connects a 5 mm
inner diameter (ID) silicone tube with the 3 mm pressure tap on the model surface, and was
manufactured by soldering two copper pipes a 3 mm pipe (2 mm ID) with a 6 mm pipe (4 mm ID).
Afterward, the adapter was inserted and glued to the model tap, and the 0.5 m length of the silicone
tube was pushed and stretched to fit with the large copper pipe, as shown in Figure 5.5.

Figure 5.5 (a) Adapter used to connect the 5 mm silicone tubing with the 3 mm pressure
tap, (b) Adapter glued to the model wall

The adapter diameters, together with the silicone tube’s diameter and length, were chosen
according to their influence on pressure reading from previous experiments carried out by other
researchers as [94,95], to avoid reverberation in pressure waves and attenuation in the fluctuating
pressures.

48



CHAPTER FIVE

MEDIUM RISE-BUILDING

The multi-manometer box was manufactured to house 60 pressure sensors. It contains two
connecting parts: Cap box with ports to receive pressure input through the tube system attached to
taps on the building model, see Figure 5.6, and the sensors hosing box has channels where the
sensors are inserted and glued well inside them, as shown in Figure 5.7.
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Figure 5.7 Cap box of the multi-manometer
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Figure 5.6 Sensors hosing box of the multi-manometer

The sensors were connected to an Arduino Mega 2560 microcontroller board, as shown in
Figure 5.8, and the Arduino was linked to the computer by an AB USB cable (called a USB printer
cable), used to program the board and not just to power it up.
The Arduino software provides the ability to write code in the program language C and has a
graphical interface conducive to the visualization of parameters measured by the sensor. The library
(code) used to run a BMP 280 sensor was downloaded and redesigned for fifty-eight sensors using
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the SPI protocol. VISUAL BASIC was used to collect a large quantity of data as a text file for
further processing.

Figure 5.8 Sensors connection to the Arduino

5.1.3 Sensors Testing

The sensors are the main devices to measure the pressure in our experiments, so it was
necessary to use an accurate and attainable sensor. BOSCH BMP280 sensor has been chosen and
tested, which is an absolute barometric pressure sensor, see Figure 5.9, with technical data shown in
Table 5.1, [96].

Figure 5.9 BOSCH BMP280 sensor

Table 5.1 Technical data of BOSCH BMP280 sensor
Pressure: 300...1100 hPa
Temperature: -40...85°C
Absolute accuracy +1 hPa

I>C (up to 3.4 MHz)
SPI (3 and 4 wire, up to 10 MHz)

Operation range

Digital interfaces

5.1.3.1 Velocity Calibration for the Sensors

This calibration process aims to formulate a relationship between the velocity calculated by
sensors connected to a secondary pitot tube and the nominal speed measured by a wind tunnel
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device (a primary Pitot tube).

The secondary Pitot tube was settled in the middle of the empty wind tunnel test section and
connected to two silicone tubes to measure the static and total wind pressures at different wind
velocities inside the wind tunnel, see Figure 5.10.

- iiiprimary pitot tube

Figure 5.10 Pitot tube used for testing sensors

Four BMP280 sensors have been tested. Each sensor is inserted and glued inside an air
capsule filter with two ports, as shown in Figure 5.11. One port was connected within a short
silicone tube, and the sensor wires moved out from the other port to link with the Arduino Mega
board and then to the computer.

Figure 5.11 The sensor inside an air capsule filter

In this test, the Arduino software was programmed to monitor and show four sensors reading.
For recording the pressure values of the four sensors simultaneously, every two sensors were
connected using their short silicone tubes with a multi-tubing connector, then static and total
pressure silicone tubes of the Pitot tube were switched to each tubing connector. Likewise, this
process was repeated for a different speed of blowing air.

The test was proceeded first by measuring a value of the atmospheric pressure inside the wind
tunnel (i.e. the pressure at zero nominal speed) using a barometer. Then at each wind tunnel
nominal speed, static and total pressure values were measured. Also, at the same time, the air
temperature value was measured using a wind tunnel device.

Afterward, the calculation process was started by correcting the pressure values (static and
total) using the difference between their measured values at zero nominal speed and atmospheric
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pressure value. Then, the velocity was calculated using these modified pressure values with
measured air temperature according to equation (5.1):

V=\2x(E-P)/p (5.1)

P
where p = R"’;’i ,and R=287 J.kg" K" for the air.

Figures 5.12 and 5.13 show the calculated velocities for the sensors. The calculated velocity
values are a little bit lower than the wind tunnel nominal speeds.

Sensors BMP 280 on SPI bus with ARDUINO MEGA
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Figure 5.12 Velocity calculated for the first two sensors

Sensors BMP 280 on SPI bus with ARDUINO MEGA
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Figure 5.13 Velocity calculated for the second two sensors

5.1.3.2 Pressure Calibration for the Sensors

In addition to the previous testing work, other modifications to the measuring values of
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pressures (static and total) were made by using a difference between their values at zero nominal
speed and standard atmospheric pressure (sea level where H=0) to expose and compare measured
pressures for the four sensors as the nominal speed increases. The result is shown in Figure 5.14.

Sensors BMP 280 on SPI bus with ARDUINO MEGA

101600
101500 Patm
e={J==P] total at H=0
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101400
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101300 b, = i —
— il === ] static at H=0
- =Qm==?2 static at H=0
101200 p3 static at H=0
=4 static at H=0
101100
0 5 10 15 20 25

V [m/s]
Figure 5.14 Comparison between measured pressures and the wind tunnel nominal speed

A second test was also done for the two BMP280 sensors at the Mathematical Faculty of
Belgrade University using the Mensor series 600 Automated Pressure Calibrator (APC) (barometer
SN: 610499). The APC contains a barometer uses to measure the atmospheric pressure so the
Mensor 600 can calibrate gauge or Absolute pressure, and a transducer installed on a pressure
regulator to measure the precise pressure used for the calibration by controlling the pressure comes
from a vacuum pump [97].

The sensors capsule connected to the PC as in the previous test, while they were connected
separately to the APC using their silicone tube, as shown in Figure 5.15, and the Mensor 600 was
connected to the pressure supply system that includes the nitrogen cylinder and vacuum pump.

Figure 5.15 Sensors connections and calibration procedure

The calibration began by setting the pressure on the APC touch screen at zero absolute
pressure value by pressing the control bottom. Then, by pressing step up and step down keys, the
pump will pump up or down the nitrogen to the APC and the sensor capsule to regulate the pressure
to the desired value, as shown in Figure 5.16. After stabilizing the pressure value on the screen, the
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sensor pressure started recording. This process was repeated to all adjusted pressures for both
sensors. The desired pressure was set up /down on the APC screen from 30000 to 110000 Pa
stepping by 1000 Pa according to the operating pressure range for the BMP280 sensor.

Figure 5.16 Typical operation screen

The calibration sensors results are shown in Figures 5.17 and 5.18, where the difference

between measured pressure by the sensor (Ps) and set pressure by the Mensor (Pm) decreases as
Mensor pressure increases and vice versa.
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Figure 5.17 Calibration results for the first sensor
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Figure 5.18 Calibration results for the second sensor
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5.1.4 Experimental Procedures

To investigate the flow field around the model in the wind tunnel few preparation steps have
been done: began by setting up the passive devices used to generate the urban boundary layer in the
test section, connecting the multi-manometer box with taps on the model, positioning the multi-
manometer box with the microcontroller inside the model building, gluing model with turntable and
located in the central of the test section, and ended by connecting the microcontroller with the
computer.

At the begging of the experiments, since no blowing air occurred and the pressure inside the
wind tunnel was atmospheric, fifty-seven absolute pressures were measured on the model while one
sensor has failed (sensor no. 27). The absolute pressure measured by sensor (no. 39) was chosen
and used as a reference pressure, as it is on the top face of the model and close to its center, as
shown in Figure 5.19. The deviations of all measured pressures from the reference pressure value
calculated and used to correct the next measuring absolute pressures after the blowing.

Isometric view

Figure 5.19 The model isometric view shows the locations of
the sensors

Each sensor’s absolute pressure value is the average of approximately 25 measured values at
1 minute running on the Arduino program. Figure 5.20 presents those pressure measurements.

mmm Measured absolute pressure
= R cference absolute pressure
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Figure 5.20 Absolute pressure measurements on the model at 0 m/s
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The model experiments were carried out with the velocity varying from 5 to 20 m/s at an
increment of 5 m/s to obtain measurable and reliable pressure difference. The pressure
measurements were also achieved by rotating the turntable handy for four angles (0°, 45°, 90°, and
135°), as shown in Figure 5.21. The results of these experiments present later in this chapter.

Figure 5.21 The model positions on the wind tunnel test section

5.2 Numerical Simulation of the Medium-Rise Building

Numerical simulation of the wind flow over the medium-rise building model is accomplished
using the CFD code Ansys Fluent. The CFD simulation aims to compare calculated values with the
experimentally measured pressures for validation.

5.2.1 Numerical Simulation Procedure

5.2.1.1 Computational Domains and Mesh Configuration

The scaled building, the full-scale of the wind tunnel test section with the same devices
configurations inserted on its floor, and without/with the collector were adopted as the
computational domain. The building model had been created by the Catia software and imported to
the Fluent geometry to create the computational domain, as shown in Figure 5.22.

The two computational domains without and with the collector were performed at zero wind
direction azimuth. The first computational domain has a smaller number of elements than the
second one to reach a faster solution in less time. In contrast, meshing the added collector increase
the number of elements in the second computational domain.

The unstructured mesh was created for both computational domains with a maximum element
size of 10 cm and a minimum element size of 5 mm. Additionally, particular zones were resized in
order to capture more geometrical details and approximate better the higher gradients of these
zones. These zones sizing were:
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e 2 cm for the collector floor, the spires, and the barrier walls,
e | cm for the test section floor with the small pyramids,
e 5 mm for canopy faces with 1cm for the rest of the building faces,
e 2 cm influence of half-sphere with 65 cm diameter around the building model, as shown

in Figure 5.23.
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Figure 5.23 Unstructured mesh generated for the model building and the zone around it

As a result of using both computational domains at zero wind direction azimuth, which is
shown and explained later, the second computational domain was more suitable to calculate the
pressures, so it was applied for the four wind direction azimuths. The number of elements created in
each unstructured mesh is presented in Table 5.2.

Table 5.2 Number of elements in every computational domain

The computational domain Wind direction Number of elements
without the collector 0° 3,041,766
with the collector 0° 5,152,543
with the collector 45° 5,151,570
with the collector 90° 5,155,451
with the collector 135° 5,151,064

5.2.1.2 Setup and Solution

These processes were performed using the same solver of (RANS) equations, turbulence
model, solution methods, and boundary conditions described in the previous chapter, except the
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inlet boundary condition. Considering the equal volume flow rate through the collector and
according to the average of the velocity calculated based on measurements from Figures 5.12 and
5.13, the ‘inlet velocity’ boundary condition was set at various velocities at the collector inlet,
corresponding to 5 m/s, 9.8 m/s, 14.5 m/s, and 19 m/s at the inlet of the wind tunnel test section.

The solution convergence was reached when the outlet mass flow rate on the solution monitor
remained steady, using the criterion in order of 107

5.3 Results and Comparisons

The experimental results acquired from the wind tunnel and the numerical simulation CFD
results are presented and analyzed here for the modeled building. All results are obtainable in the
form of absolute pressure, using the absolute pressure at the building top as the reference pressure
(Tap no. 39), where it was used in experiments results, as already discussed, and also used in Fluent
software as the operating pressure.

Since the pressure taps have been located on the model faces in one row or staggered rows,
the model faces and rows were numbered, including the sensors numbers in each row, as shown in
Figures 5.24 and 5.25.
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\'&_ 35 36 37
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e — - - - o - — — &)

Isometric view Back view

Figure 5.24 Isometric and back views of the model with faces, rows, and sensors numbers
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Figure 5.25 Top view of the model with faces, rows, and sensors numbers
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The results were presented sequentially to illustrate the variation of absolute pressures on the
model building faces with respect to the increase of velocities of blowing at each wind direction
azimuth.

These absolute pressures were displayed on each face using the sensor’s numbers and their
rows on that face. On the first four faces the results are shown in two rows, while on the other four
faces the results are shown in one row.

Figures 5.26 to 5.29 show the comparison between measured and calculated absolute
pressures by CFD on the model faces at zero wind direction azimuth, using both the computational
domains with and without the collector. The CFD calculations for the computational domain with
the collector show better predicated to the absolute pressure values, so the CFD calculations with
the collector are used in our work.

Moreover, the calculated absolute pressure values on all model faces are approximately the
same as the measured values from the experiment, as shown in figures 5.26 and 5.27. Also, in
figures 5.28 and 5.29, the calculated absolute pressure values correspond to the measured values.
Nevertheless, in some faces, as shown in panels (a, b, ¢, d, e, f, g, and h), the calculated absolute
pressure values on those model faces are a little higher than the measured values, with a maximum
absolute difference (the maximum difference value between the calculated and measured absolute
pressure values) is 25 and 30 Pa, respectively.

Figures 5.30 to 5.33 show the comparison between CFD calculations and experiment results
on the model faces at 45° wind direction azimuth. The calculated absolute pressure values in all
model faces in all figures 5.30 and 5.31 show very good agreement with the measured values.
Moreover, in both figures 5.32 and 5.33, the calculated absolute pressure values on the faces (1, 2,
3, and 6) are equal or slightly higher than the measured values, with a maximum absolute difference
obtained in panel (d) is 15 and 20 Pa, respectively. In contrast, the calculated absolute pressure
values on the other faces are a little smaller than the measured values, and the maximum absolute
difference obtained in panel (i) is 20 and 42 Pa, respectively.

Figures 5.34 to 5.37 show good agreement between CFD calculations and experiment results
on the model faces at 90° wind direction azimuth, especially in figures 5.34 and 5.35. Besides, in
figures 5.36 and 5.37, the calculated absolute pressure values are a little higher than the measured
values on some model faces, with the maximum absolute difference found in panel (f) is 20 and 40
Pa, respectively.

Figures 5.38 to 5.41 show the comparison between CFD calculations and experiment results
on the model faces at 135° wind direction azimuth. In figures 5.38 and 5.39, the values of calculated
absolute pressure on all model faces agree well with the measured values.

In figures 5.40 and 5.41, the values of calculated absolute pressure are slightly lower than the
measured values on faces (1, 2, 3, 5, and 8), with the maximum absolute difference found in panel
(f) is 12 and 30 Pa respectively. Also, the calculated absolute pressure values are a little higher than
the measured values on faces (4, 6, and 7) in both figures, with the maximum absolute difference
found in panel (k) is18 and 23 Pa, respectively.

In general, the values of calculated absolute pressure by CFD show a good agreement with the
values of measured absolute pressure in the wind tunnel, especially when the air velocity is equal to
or less than 10 m/s.
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Figure 5.26 Pressure comparison at 0 degrees wind direction azimuth, 5 m/s
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Figure 5.27 Pressure comparison at 0 degrees wind direction azimuth, 10 m/s
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Figure 5.28 Pressure comparison at 0 degrees wind direction azimuth, 15 m/s
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Figure 5.29 Pressure comparison at 0 degrees wind direction azimuth, 20 m/s
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Figure 5.30 Pressure comparison at 45 degrees wind direction azimuth, 5 m/s
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Figure 5.31 Pressure comparison at 45 degrees wind direction azimuth, 10 m/s
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Figure 5.32 Pressure comparison at 45 degrees wind direction azimuth, 15 m/s
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Figure 5.33 Pressure comparison at 45 degrees wind direction azimuth, 20 m/s
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Figure 5.34 Pressure comparison at 90 degrees wind direction azimuth, 5 m/s
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Figure 5.35 Pressure comparison at 90 degrees wind direction azimuth, 10 m/s
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Figure 5.36 Pressure comparison at 90 degrees wind direction azimuth, 15 m/s
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Figure 5.37 Pressure comparison at 90 degrees wind direction azimuth, 20 m/s
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Figure 5.38 Pressure comparison at 135 degrees wind direction azimuth, 5 m/s
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Figure 5.39 Pressure comparison at 135 degrees wind direction azimuth, 10 m/s

73



CHAPTER FIVE

MEDIUM RISE-BUILDING

Sensor Number

(a) === Experment (b) —f— Experment
==@==CFD calculations with collector ==@=—CFD calculations with collector
100700 100700
2 @
£ 100600 2100600
z ¢ y- o— o —
9;) 100500 2 100500
- 9
< ]
S 100400 S 100400 |pmnmmmmmmmmee T
2 2 >
< 100300 L L ! ! < 100300 ! ! !
1 2 3 4 5 6 7 8 9
Sensor Number Sensor Number
(C) e={ll== Experment (d) e={ll== Experment
==@==CFD calculations with collector ==@==CFD calculations with collector
o 100700 100700
St o
2 100600 Z 100600
£ P ad g o 'S — s
& 100500 & 100500
- L
E] ]
S 100400 [---mmmmmmmmmmeed e Z 100400 Foccmommmmmmmmee T e
2 Face 2, Row 1 E Face 2, Row 2
< 100300 ! t * ! < 100300 t * ’
10 11 12 13 14 15 16 17 18
Sensor Number Sensor Number
(e) === Experment (f) === Experment
«=@==CFD calculations with collector 100700 ==@==CFD calculations with collector
100700
g E 100600
2 100600 2
§ .—H——b. § o= O 7
t 100500 % 100500
s =
E 100400 fm==m=m=mmmmmmms Face 3, Row 1 E 100400 fp-mmmmmmmmmmmmmes Face3,Row 2|
< 100300 . : . g < 100300 . g
19 20 21 22 23 24 25 26

Sensor Number

—~
[
~

=== Experment
==@==CFD calculations with collector

(h)

=== Experment
==@==CFD calculations with collector

Sensor Number

100700 100700
£ 2
2 100600 . - 2 100600
e B
& 100500 A& 100500
] ]
2 100400 2 100400
2 2
< 100300 . . . . < 100300 . . .
28 29 30 31 32 33 34 35 36
Sensor Number Sensor Number
(i === Experment (j) === Experment
==@-—=CFD calculations with collector @— CFD calculations with collect
100700 100700
£ <
Z 100600 Z 100600 BF==
5] @
§ 100500 § 100500
£ 100400 I e T L e
2 ]
< 100300 < 100300 L . . d
37 38 39 40 41 4 43 44 45 46 47
Seneor Number Sensor Number
(k) === Experment (l) === Expermet
==@==CFD calculations with collector ==@==CFD calculations with collector
100700 100700
£ 2
2 100600 2 100600
§ 4 .—-—.w—-
& 100500 £ 100500
= 2
=
S 100400 Z 100400
2 2
< 100300 . . . . : < 100300 . . . :
48 49 50 51 52 53 54 55 56 57 58

Seneor Number

Figure 5.40 Pressure comparison at 135 degrees wind direction azimuth, 15 m/s
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Figure 5.41 Pressure comparison at 135 degrees wind direction azimuth, 20 m/s

75



CHAPTER FIVE MEDIUM RISE-BUILDING

Figure 5.42 displays the distributions of local absolute pressure on the model building faces at
zero wind direction azimuth for all four wind velocities. As the air velocity increases, the model

faces are subject to higher pressure and suction.
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Figure 5.42 Absolute pressure contours at 0 degrees wind direction azimuth, (a) 5 m/s, (b) 10 m/s,

(c) 15 m/s, and (d) 20 m/s
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Figure 5.43 Absolute pressure contours at 10 m/, (a )45 degrees , (b) 90 degrees and
(c) 135 degrees
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Additionally, the combination of the flow separated above leading edges of the roof faces (7
and 8) with the flow vortex congregated in front of the face (3) edges cause extraordinary
distributions of pressure on these roof faces, as shown in figure 5.42.

Figure 5.43 shows the distributions of local absolute pressure on the model faces at velocity
10 m/s for the other three wind direction azimuths. The effect of the conical vortices in the pressure
distributions on the face (5) of the model can also be seen clearly in panels (a and ¢) when the flow
is attached to the model at a skewed angle.

Figures 5.44, 5.45, 5.46, and 5.47 show the eddy viscosity distributions inside the wind tunnel
test section at zero wind direction azimuth for all four velocities of wind. The higher and vast
domain of eddy viscosity is generated behind the model until the reattachment zone, and then it is
straightened to take the shape of the tube along the middle of the test section, and the diameter of
this tube gets larger as the wind velocity increases.

Similarly, a horizontal plane at the canopy height was created and concentrated on showing
the eddy viscosity distributions on the horseshoe vortex and the wake regions around the building.

Figures 5.48, 5.49, and 5.50 show the eddy viscosity distributions inside the wind tunnel test
section at a velocity of 10 m/s for the other three wind direction azimuths. The higher and vast
domain of eddy viscosity is also generated behind the building until the reattachment zone, and then
it is straightened to take the shape of the tube. This domain is spreading along the middle of the test
section when the flow normal to the building, as shown in Figure 5.49. On the other hand, it is
spreading along the test section with an angle depending on the model’s geometrical shape and
wind direction azimuth, as shown in figures 5.48, and 5.50.
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Figure 5.44 Eddy viscosity at 0 degrees wind direction azimuth, 5 m/s
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Figure 5.45 Eddy viscosity at 0 degrees wind direction azimuth, 10 m/s
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Figure 5.46 Eddy viscosity at 0 degrees wind direction azimuth, 15 m/s
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Figure 5.47 Eddy viscosity at 0 degrees wind direction azimuth, 20 m/s
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Figure 5.48 Eddy viscosity at 45 degrees wind direction azimuth, 10 m/s
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Figure 5.49 Eddy viscosity at 90 degrees wind direction azimuth, 10 m/s
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Figure 5.50 Eddy viscosity at 135 degrees wind direction azimuth, 10 m/s
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CHAPTER 6: NUMERICAL ANALYSIS OF LOW-RISE BUILDINGS

In this chapter, the numerical analysis by CFD was performed for several low-rise buildings
placed at the Belgrade University virtual wind tunnel. For validation of the same CFD model used
in this thesis, the pressure coefficients obtained by CFD on the faces (walls and roofs) of the
buildings were compared with the pressure coefficients that were documented in the available and
suitable wind standard and code.

6.1 Wind Standards and Codes

There are several national standards developed by various countries to evaluate wind loads on
the structures. These wind loads are used by engineers to design different safety shapes and types of
structures, and they require the pressure coefficients or the force coefficients for different structural
elements with site certain wind data and terrain characteristics to regulate them.

In general, the wind standards present different pressure coefficients, which are confirmed
from full scale experiments or boundary layer wind tunnel tests and a few of them by using
numerical simulations. Also, the standards did not cover all shapes and sizes of the buildings, and
they need to list those missed data for updates and improvement.

However, the standards and codes are different in their approaches for calculating the pressure
coefficients on the structures. The wind velocity profiles for the open country exposure in different
wind standards/codes are quite dissimilar, although the basic wind speed in all of them is defined at
10 m above the ground surface in this exposure [1].

Four of the most used standards by the design engineering and researchers are presented here:

1. American Society of Civil Engineering Standard (ASCE 7-16) [98],
2. European Standard (EN 1991-1-4:2005) [99],

3. Australian/New Zealand standard (AS-NZS 1170-2, 2011) [100],

4. National Building Code of Canada (NBCC, 2010) [101].

These standards were used together by Alrawashdeh [1], who measured local external
pressure coefficients on the roof of nine flat low-rise buildings with different large dimensions at
the wind tunnel of Concordia University. The experimental results were compared with the
respective values specified in these four standards.

The 1st, 3rd, and 4th standards were used by Kola [102], who compared these three standards
with the British standard by evaluating the external and internal pressure coefficients to defined the
wind loads on the faces of flat roof low and high-rise buildings.

The 1st and 3rd standards were used by John et al. [103], who measured the external pressure
coefficients on the front and side walls of 25° gabled roof low-rise building due to interference with
a free standing boundary wall placed on the upstream side at different locations. The experimental
results from the ABL wind tunnel at the Indian Institute of Technology Roorkee are compared with
the listed values in these two standards, as well as with the Indian standard code and the Hong Kong
standard.

Also, the first standard only was used by John et al. [104], who measured the external
pressure coefficients at different zones on the roof of the same 25 ° gable low-rise building in the
presence of a free standing wall and compared the results with this standard.

The 1st and 2nd standards were used by Kayisoglu [105], who measured the external pressure
coefficients on the faces of the high-rise building in Ankara Wind Tunnel to calculate static loads.
The results of static loads compared with these two standards and the Istanbul Yiiksek Binalar
Riizgar Yénetmeligi (Iybry, 2009).

The 1st and 2nd standards were used by Fouad et al. [106], who calculated the external
pressure coefficients by the CFD technique on the roofs of (15°, 30° 45°, and 60°) gable low-rise
buildings when the wind incident angle (6 = 0°, and 6 = 90°), and on the roofs of (15°, 30°, 45°, and
60°) mono-slope low-rise buildings when the wind incident angle (6 = 0°, 6 = 90°, and 6 = 180°),
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and on latticed structure surfaces. Then the obtained CFD results are compared with these two
standards. Also, they calculated and compared the external pressure coefficients using the CFD
technique at different zones on the dome surface of five domed roof low-rise buildings with the 2nd
standard.

The 1Ist and 3rd standards were used by Suarez [107], who measured the local and net
pressure coefficients at two canopy models attached to the gabled roof low-rise building in the
Building Aerodynamics Laboratory of Concordia University. Then the experimental results are
compared with provisions of these two standards.

All standards and codes propose the pressure coefficients of the buildings at open country
exposure, and they offer the exposure coefficients for other exposure categories. These pressure
coefficients are documented in each standard in a different form contingent on other factors.

Some key data and parameters that specify each of these four standards and manipulate the
pressure coefficients are summarized in Table 6-1, which includes the data from which references
have been taken.

Table 6-1 The key parameters that affect the values of pressure coefficients in the four standards

ASCE 7 EN 1991-1-4 AS-NZS 1170-2 NBCC
2016 2005 2011 2010
Wm}:lr gf;}(e)cny Iiaoogv?,grﬂll;r\;lﬁlglg Logarithmic law [19° Logar[llt,lll(r)(r)l]lc law PO\[xlz,el:gl%aw
Power exponent
(a) for open 1/6.5 [98.108] 0.16 [108]
country — —
exposure
roughness
length (z,) for
open country 0.048 1109 0.05 1091 0.02 [100.109] 0.025 1%
exposure when
(0=0.15)
turbulence
intensity at 10 20% P8110] 18.87% 191101 18.3% [100.110] 209, 101.110]
m height

6.2 Generate the Required ABL on the Belgrade University Virtual
Wind Tunnel

The passive devices at the Belgrade university virtual wind tunnel were redesigned to
generate an open country exposure in its test section, where the low-rise buildings will be placed
according to the available key parameters for one of the previous four standards. The CFD
procedure was used for this purpose and to calculate these key design parameters.

6.2.1 Redesign of the passive devices on the Belgrade University Virtual
Wind Tunnel

The spires were only redesigned with keeping the same roughness elements after discarding
the barrier walls for achieving the open country exposure category in the short test section of the
Belgrade university virtual wind tunnel, as several researchers defined [105,108,111].

The object of the redesign is to obtain the desired Power exponent (&) and roughness length
(z0) for open country exposure in the central of the short test section. They are proportional to those
specified by the four standards above.

A small scale factor (1/250) was assumed to result in boundary layer thickness 6 = 1.097 m on
the test section considering the atmospheric boundary layer thickness for open country exposure in
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nature Opamre = 274.32 m, [98]. This desired boundary layer thickness is approximately 0.55 H,
where H is the test section height. For example, if a low-rise building with a 10 m height was placed
on the test section floor, it would be evident in the test section.

However, Farell et al. [26] and Rahmat et al. [112] suggested that the boundary layer
thickness produced by elliptical spires is 20% deeper than that produced by triangular spires with an
equivalent height. Kayisoglu [105] designed triangular spires for the open sea, open country, and
suburban exposure categories in Ankara Wind Tunnel (AWT) using the procedure of Simiu et al.
[108]. The AWT is a closed circuit wind tunnel with a 3.05 x 2.44 m octagonal test section and a
6.1 m length.

The elliptic spires were designed at the test section inlet by using an empirical procedure that
combines the methods suggested in [26,105,112]. While the desired boundary layer thickness by the
elliptic spires desires to be deuipric =1.097 m, the design boundary layer thickness by the triangular
spires should be dvrianguiar = Oeitipric /1.2 =0.91 m.

The ratio of base width to height of triangular spire (b/hs) was estimated from Figure 6.1 in
[108] by using the height of our virtual wind tunnel test section H with the desire Power exponent
(OC = 015) and §triangular-

[ — 0.24 T T
4]
—=0.38
0.20 H 05 1
0.3
0.16 | 01 |
0
b
h, 012 —
SPLITTER WIND
PLATE 008 | _
0.04 —
0 | | | |
0 0.1 0.2 0.3 04 0.5
a

285

Figure 6.2 The elliptic spire model, dimensions in mm
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The spire base width was then estimated by assuming the triangular spire height 4= 0.885 m,
as the same used height in AWT [105]. Considering this spire height is generating the power
exponent as our desired power exponent, it also relies on the AWT test section dimensions close to
the dimensions of our virtual wind tunnel test section.

A Splitter width is a quarter of the spire height, and the number of spires is imposed by the
lateral distance of the splitter plate, which is half of the spire height, so the dimensions of the used
elliptic spire related to the designed triangular spire are shown in Figure 6.2 above.

6.2.2 Numerical Simulation for the Empty Virtual Wind Tunnel with the
New Design of the Passive Devices

The three designed elliptic spires were modeled at the test section inlet and followed by the
same configurations of the roughness elements. The computational domain size was half of the
collector with the test section due to their symmetry, and the unstructured mesh was generated by
the same procedure used in the previous chapter with mesh size 0.5 cm for the test section floor
instead of 1 cm. Totally number of elements for the computational domain is 3,104,031. The
unstructured mesh is shown in Figure 6.3.

& AT

7

L2

Figure 6.3 The unstructured mesh for the computational domain

The same solver of RANS equations, turbulence model, solution method, and outlet boundary
condition, as described in the previous chapter, were used. The ‘inlet velocity’ boundary condition
was set at 1.459 m/s at the collector inlet, which corresponds to 10 m/s at the inlet of the wind
tunnel test section. The solution convergence was reached while the mass flow rate at outlet
remained steady in the solution monitor, and the convergence criterion was set to about 107,

As a result, the velocity and turbulence intensity profiles in the central of the test section are
shown in Figure 6.4, where the boundary layer thickness § = 1.095 m, and the Power exponent is «
=0.145.

Also, the same indirect method used in chapter three was used to determine the values of the
roughness length (zo = 0.0000803 m). The height curve fitting between predicted and calculated
height z at the same value of calculated velocity is shown in Figure 6.5.

Therefore, the parameters a and zy calculated by CFD are closer to that presented in Table 6-1
for the Australian/New Zealand AS-NZS 1170-2 standard when the scale factor (1/250) was used in
our virtual wind tunnel. One should note that the similarity in turbulence levels rarely can be
satisfied in short wind tunnels [105].
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Figure 6.5 The best curve fitting for the height z

6.3 Numerical Simulation of the Low-rise Buildings

Three types of low-rise buildings were chosen for this study. They are the gabled roof, mono-
sloped or a shed roof, and curved roof low-rise buildings. They were positioned in the central of our
virtual wind tunnel test section while the wind direction was perpendicular to their width.

The CFD simulations were performed to predict the pressure coefficients on the faces (walls
or roofs) of every building and compare these coefficients with those given by the Australian/New
Zealand standard to verify and validate the established CFD model.

6.3.1 Modeling the Low-rise Buildings

The three chosen types of low-rise buildings have a same average roof height (4 =10 m) with
different base dimensions: width (d) is parallel to wind direction, length (b) is normal to wind
direction. Also, with different roof pitch (f) that is (symbolized as a in Australian/New Zealand
standard) for the gabled and mono-sloped roof buildings, and specified rise of an arch for the
curved roof building is (7).
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The scale factor (1/250) was chosen for modeling the three buildings, according to the
matching of the Jensen number in the simulated boundary layer in the wind tunnel with a natural
boundary layer:

Jomg i P o M 10 604015 m 40 mm
Zom  Zo, 0.0000803 0.02
Furthermore, the blockage ratio of the models in the wind tunnel test section is less than 5%.
The description and dimensions of the gabled roof, mono-sloped roof, and the curved roof

model buildings used in this study are shown in Figure 6.6.

n

(a) (b)

Figure 6.6 (a) The model of the gabled roof building, (b) The model of the mono-sloped roof
building, (c) The model of the curved roof building, dimensions in mm

6.3.2 Numerical Simulation Procedure

6.3.2.1 Geometry and Mesh

After creating models of the three buildings in the Catia program, they were placed
separately at the test section of our virtual wind tunnel to calculate the pressure coefficients on their
walls and roofs.

The computational domain was created by halving the collector, the test section, and the
modeled building due to symmetrical modeled buildings when the wind is blowing on them at the
zero wind direction azimuth. The unstructured mesh was generated by the same procedure used for
the empty virtual wind tunnel in the sub-subsection (6.2.1) with a 4 mm for all the model building
faces and 2 cm influence of half-sphere with 30 cm diameter around the building model, as shown
in Figure 6.7.
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There is a slight difference between the numbers of elements created in each unstructured
mesh depending on the geometry of the modeled buildings, as summarized in (Table 6-2).

()

Figure 6.7 The unstructured meshes generated for model buildings and zones around them:
(a) gabled roof (b) mono-sloped roof, (c) curved roof

Table 6-2 The number of elements created in each unstructured mesh

The low rise building shape The number of elements on the control volume
gabled roof 3,125,140
mono-sloped roof 3,125,979
curved roof 3,128,167
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6.3.2.2 Setup and Solution

These processes were performed using the same solver of (RANS) equations, turbulence
model, solution methods, and boundary conditions described in the previous chapter, except the
inlet boundary condition. Considering the equal volume flow rate through the collector, the ‘inlet
velocity’ boundary condition was set at 1.459 m/s at the collector inlet that corresponds to 10 m/s at
the inlet of the virtual wind tunnel test section.

The solution convergence reached while the mass flow rate at outlet in the solution monitor
remained steady, and the convergence criterion is about 106,

6.4 Results and Discussion

6.4.1 Area-averaged Pressure Coefficients

The pressure coefficients on the chosen low-rise buildings presented in the Australian/New
Zealand standard are used to validate the CFD model. The local pressure coefficients are
represented by a non-dimensional parameter C, as

R-F,

=T (6-1)
where P; - is the pressure on the building walls or roof,
Py - is the pressure of the undisturbed flow of air at a reference height,
p - is the density of the undisturbed flow of air (p =1.2 kg/m’ in the AS-NZS 1170-2, 2011
standard),
Vo - is the velocity of the undisturbed airflow at the average roof height.

The local pressure coefficients are measured from wind tunnel experiments on small scale
models or experimental results from full scale buildings at many taps locations. So, for the effective
area as walls or roofs, the area-averaged pressures coefficients are calculated by integrating the
instantaneous local wind pressure coefficients after being factored by the contributing area to each
pressure tap being considered in the effective area. The area-averaged pressure coefficient for each
contributing area is calculated by the following expression [1]:

1 n
C,.= ) 2.C, 4, (6-2)

i=1

in which (4;) is the contributing area to the i pressure tap, and (1) is the number of pressure taps in
the precise area (4). The possible errors during integration are reduced using a high pressure tap
density to the models tested in experiments and using a high mesh density on and around the
models for the numerical simulation.

In the AS-NZS 1170-2, 2011 standard, the area average pressure coefficients for the faces of
several types of low-rise buildings are provided in figures and tables according to different building
parameters (e.g. dimensions). These parameters are shown in Figure 6.8 for the gabled roof and
mono-sloped roof low-rise buildings and in Figure 6.9 for the curved roof low-rise building.

As the summary from these tables, the area average pressure coefficients on the gabled roof
and mono-sloped roof low-rise buildings are:

= the same for windward walls,
= based on the ratios between the base dimensions of the buildings (b/d) and the roof
angles (f) for leeward walls,
= assigned according to the horizontal distance from the windward wall for side walls,
= given according to the roof angles (f) and the ratios (4/d) for roof slopes.
whereas the area average pressure coefficients on the curved roof low-rise buildings are:
= the same for windward walls,
= unlisted for leeward walls,
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= unlisted for side walls,
= given according to the ratios (7//) for the curved roofs.

(b)

LEGEND:

W = Windward wall U = Upwind roof slope

S = Side wall D = Downwind roof slope
L = Leeward wall

Figure 6.8 (a) Parameters for the gabled roof low-rise buildings, (b) Parameters for the
mono-sloped roof low-rise buildings

LEGEND:

W = Windward wall U = Windward quarter roof
S = Side wall T = Centre half roof
L = Leeward wall D = Downwind quarter roof

Figure 6.9 Parameters for the curved roof low-rise buildings

6.4.2 Comparison of the CFD Results with the AS-NZS 1170-2, 2011
Standard

The area average pressure coefficients for the three types of low-rise buildings were
calculated by the CFD using equations (6-1) and (6-2) and compared with the listed pressure
coefficients in the AS-NZS 1170-2, 2011 standard. From the flow results of CFD analysis for our
empty virtual wind tunnel in the central of the test section:

e the undisturbed flow pressure (po) was estimated at the reference height (1.5 m from the
test section floor),

e the undisturbed flow velocity (V) was estimated at the average roof height of the three
chosen low rise buildings (0.04 m from the test section floor).
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6.4.2.1 The Comparison on the Gabled roof low-rise building

The pressure coefficients on the faces of the chosen gabled roof low-rise building were
obtained from standard tables (5.2A), (5.2B), and (5.2C) for the walls, and from tables (5.3B) and
(5.3C) for the roofs, using our building parameters d/b=0.5, p=15° and h/d=1. After that, the

calculated area average pressure coefficients by CFD were compared with the obtained pressure
coefficients, and the results are given in Table 6-3.

Table 6-3 Comparison of the pressure coefficients on the gabled roof low-rise building

Locations CFD Results AS/NZS 1170.2:2011
Windward Wall 0.63 0.7
Leeward Wall -0.28 -0.3
Side Wall -0.58 -0.65
Upward Roof -0.83 -1, -0.5
Downward Roof -0.57 -0.6
A

From the table above, the Cp values calculated by CFD are very similar to AS/NZS values,
with a dissimilarity of less than 10% for all building faces. When the standard lists two values of
Cp, the roofs intend to be designed for both values, and in this case, the roofs may be exposed to

either value due to turbulence. The local pressure coefficients on the model faces are shown in
Figure 6.10 for the wind blowing in the x-direction.

Pressure coefficient
0.768
H 0.574
0.379
0.185
-0.009
l -0.203
-0.397
-0.592

-0.786
I -0.980

1174

'

Figure 6.10 Pressure coefficient distributions for the gabled roof model, frontal (left) and rear
(right) isometric view
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The windward wall registered the highest positive pressure coefficient, and the magnitude of
Cp decreased slightly along the wall edges. The side walls generally have little local changes in the
pressure coefficient, and higher negative pressure coefficients are noted at the front edges of the
side wall due to the flow separation at this edge. The leeward wall registered less suction than the
side walls, and the registered negative pressure coefficients on the leeward wall were relatively
constant due to the fact that the flow is fully separated from the downward roof.

For the roof, it was noticed that the suction over the upward roof was more than that over the
downward roof, although the upward roof registered positive pressure coefficients at its leading
edge duo to the roof angle. Higher values of negative pressure coefficient registered close the
leading edge of the upward roof and on the roof ridge, caused by the separation of the flow at these
locations resulting in high suction in the nearby region. Figure 6.11 shows these separations zone
and recirculation wake around the model.

However, a similar trend of the pressure coefficient over the gabled roof low-rise buildings
with a roof angle higher than 10° was observed by Ho et al. [109].

)
I ”

Velocity
Streamline

Figure 6.11 Flow pattern around the gabled roof model at a vertical section

6.4.2.2 The Comparison on the Mono-sloped roof low-rise building

The pressure coefficients on the faces of the chosen mono-sloped roof low-rise building were
obtained from standard tables (5.2A), (5.2B), and (5.2C) for the walls, and from the table (5.3C) for
the roof using our building parameters, d/b=0.4, f=20°, and h/d=1. After that, the area average
pressure coefficients calculated by CFD were compared with these obtained pressure coefficients,
and the results are given in Table 6-4.

Table 6-4 Comparison of the pressure coefficients on the mono-sloped roof low-rise building
Locations CFD Results AS/NZS 1170.2:2011

f ] Windward Wall 0.65 0.7

L

A /
N

r\ﬂ\ S
/ Leeward Wall 0.37 0.4
Ao
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Side Wall -0.65 -0.65

Downward Roof -0.6 -0.6

s

From Table 6-4, one can see that the obtained Cp values by CFD are similar to AS/NZS
values, with a maximum relative error equal to 7.5% on the leeward wall. The local pressure
coefficients on the model faces are shown in Figure 6.12.

Pressure coefficient
0.816

0.630
0444
0259
0.074
-0
-0.296
-0482
-0.667
-0.852
-1.038

Figure 6.12 Pressure coefficient distributions for the mono-sloped roof model, frontal (left) and rear
(right) isometric view

The pressure coefficient distributions of the windward wall and the leeward wall have a
similar graphic configuration as in the gable roof model. The highest negative pressure coefficients
were noted at the front edges of the side walls. The downward roof observed less suction than the
side walls, the higher values of the negative pressure coefficient registered near the back edge due
to separate flow of the recirculation wake at this edge. The recirculation wake generated behind the
roof and the leeward wall due to the roof angle, as shown in Figure 6.13.

Velocity [m s*-1]
Streamline

Figure 6.13 Flow pattern around the mono-sloped roof model at a vertical section
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6.4.2.3 The Comparison on the Curved roof low-rise building

The pressure coefficients on the faces of the chosen curved roof low-rise building were
obtained from the standard table (5.2A) for the windward wall and from the table (C3) for the roof
using our building parameters, #/d=0.18, (b/d)**=1, and h/r= 3.17, with a note for table C3 that A/r
value shall be 2 when A/r >2. For leeward and side walls, no values of pressure coefficients are
listed in the standard. After that, the calculated area average pressure coefficients by CFD were
compared with the obtained pressure coefficients, and the results are presented in Table 6.5.

Table 6.5 Comparison of the pressure coefficients on the curved roof low-rise building

Locations CFD Results AS/NZS 1170.2:2011
4 Windward Wall 0.66 0.7
o
: / Leeward Wall -0.18 /
A

‘ ‘ Side Wall 0.47 /

Windward Quarter Roof -0.45 -0.50r0

L / Centre Half Roof

-0.89 -0.95

Leeward Quarter Roof -0.6 -0.650r 0

Pressure coefficient
0.779

l 0.594

0409

0.225

0040

-0144

0329

-0514

f -0699
Y I-o 884
‘\LZ -1069

Figure 6.14 Pressure coefficient distributions for the curved roof model, frontal (left) and rear
(right) isometric view
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From table 6.5, one can see that the obtained Cp values by CFD are also similar to AS/NZS
available values, with a maximum relative error of 10% registered on the windward quarter roof.
The zero values afforded for the windward and leeward quarter roof are substitute values for action
effects, such as bending which are sensitive to pressure distribution. The local pressure coefficients
on the model faces are shown in Figure 6.14.

The pressure coefficient distributions of the windward wall have a similar graphic
configuration as in the gable roof and mono-slope roof models. Also, the registered negative
pressure coefficients on the leeward wall were relatively constant. The windward quarter roof
observed less suction than the other roof portions due to the positive pressure coefficients at its
leading edge. The highest negative pressure coefficients were noted at the upper front edges of the
side walls and the center half roof. The negative pressure coefficients on the roof began increasing
after the leading edge of the windward quarter roof as the separation of the flow started until getting
the highest value along the back area of the center half roof, then began decreasing along the
leeward quarter roof as the flow reattachment the roof. This separation and reattachment of the flow
with the recirculation wake around the model are shown in Figure 6.15.

Velocity
Streamline

Figure 6.15 Flow pattern around the curved roof model at a vertical section
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CHAPTER 7: CONCLUSION AND RECOMMENDATIONS FOR
FUTURE WORK

7.1 Summary and Conclusion

In the past, several types of research were published on the use of CFD to model wind flow in
and around buildings, and most of them have focused on which type of turbulence model can
predict accurate results. Moreover, according to the computational domain size of the CFD model,
some of them have performed a conventional approach that needs well-known boundary conditions,
and others have used the entire wind tunnel as a computational domain, which is computationally
expensive. The primary involvement of the current research study was to provide an accurate,
reliable, and low-cost CFD computational model that works as a virtual wind tunnel to model the
complex built environment or terrain exposure and study the influence of wind flow on low and
medium-rise buildings. The provided computational model is based on:

1. The computational domain size, which has been implemented by modeling the
contraction cone and test section, including used passive devices with/without building
models, all using actual dimensions in the wind tunnel. Advantages of this size are easier
setup for boundary conditions than the conventional approach and a lower number of
mesh elements than the entire wind tunnel domain.

2. Use the SST k- model, one of the well-predicated turbulence models for ABL flow and
pressures on buildings.

3. Allocate a large volume of grid cells at the inner boundary layer, around the vicinity of
the building model, which enable better reproduction of the flow features and
distribution of pressure in those regions.

4. Use an accurate solver, schemes, and solution methods.

In order to meet the primary goal, several numerical simulations have been performed in
commercial Ansys Fluent code. The first simulations were performed to predict velocity profiles of
various ABLs generated in the empty test section of various wind tunnels at different air blowing
speeds. Two ABLs have been generated in the Assuit University wind tunnel at lower subsonic
speeds 1 - 4 m/s, and another ABL has been generated in the Belgrade University wind tunnel at a
subsonic speed of 45 m/s (these particular tests were performed in 1992). The predicted velocity
profiles were compared with the measured data of previous experimental tests.

The second simulations were performed to predict absolute pressures on the complex model
shape of a medium-rise building at different wind directions and different blowing speeds. The
building model was tested in the Belgrade University wind tunnel in the year 2020, within the
investigations performed as a part of the fulfillment of this Ph.D. thesis. The model has been tested
at 0°, 45°, 90°, and 135° wind blowing angles and by varying air velocity from 5 to 20 m/s at each
angle. The absolute pressures on the model faces were measured using special instruments. Special
adapters, silicone tubes, a multi-manometer box to house all sensors, and an Arduino
microcontroller board were assembled to interact with a computer for real-time recordings of these
pressures. The sensors have been calibrated and tested to provide good accuracy during
measurements. The predicted absolute pressures were compared with the provided measured
pressures in all tested cases.

Final simulations were performed to predict pressure coefficients on three types of low-rise
building models separately, at one wind direction and one blowing speed. The buildings were
immersed in an open country exposure generated in the virtual test section of Belgrade University
Wind Tunnel. The predicted results were compared to one of the national wind standards data
considering their data presented according to the open country exposure that its key parameters as
power exponent, roughness length, and turbulence intensity have specific values on each standard.

Specific conclusions regarding the results presented in this thesis can be stated as follows:
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The provided CFD model has successfully predicted velocity profiles over smooth and
suburban terrains at lower subsonic speeds 1 - 4 m/s in the Assuit University wind tunnel
and over urban terrain at higher subsonic speed 45 m/s in the Belgrade University wind
tunnel. These results demonstrated this model’s ability to simulate various ABLs for a
wide speed range, which can help investigate the influence of wind on different buildings
built in different terrain categories.

The absolute pressures on the medium-rise building model have been generally well
predicted compared with values measured in the wind tunnel, especially for the flow
perpendicular to the building. The maximum predicted pressure value on building faces
was of the order of 42 Pa. The agreements here indicating that the same CFD model can
readily be used for predicted pressures on medium-rise buildings, even for its specific
small structures.

The ability of the provided CFD model to be used as a design assistant tool has been
established when the model succeeded in simulating the ABL profiles of open terrain in
the virtual test section of Belgrade University Wind Tunnel. The ABL was generated by
redesign some of the used passive devices in the previous tests in this wind tunnel. This
simulated ABL has key parameters value close to the Australian/New Zealand Standard
terms.

The accuracy of the provided CFD model has also been proven to predict pressure
coefficients on all faces of several low-rise building models. The predicted pressure
coefficients on the gabled roof, mono-sloped roof, and curved roof low-rise building
models agree well with the Australian/New Zealand Standard data. This validation gives
the CFD model access to cover missing data of this standard by predicting pressure
coefficients on low-rise buildings with complex roof shapes and buildings under various
oblique wind directions.

Besides the quantitative analyses presented above, some other qualitative analyses have been
performed using the established CFD model. The results of these qualitative analyses have shown
the capability of this model to substitute a vast portion of more costly wind tunnel test runs and
working hours. These qualitative analyses can be listed as follows:

The contours of calculated mean velocity and local eddy viscosity inside the empty test
sections of the Assuit and Belgrade University wind tunnels were displayed to provide a
detailed insight into the flow-fields within the simulated ABLs.

The contours of predicted pressure distributions on the medium-rise building model and
eddy viscosity distributions on the wind tunnel test section were presented to show the
influence of wind on and around the building walls.

The contours of predicted pressure coefficient distributions on the low-rise building models
and velocity streamlines in the middle of the wind tunnel test section were presented to
show the critical area of pressure and suction on buildings walls, separations zone, and
recirculation wake around the buildings.

These qualitative analyses can be extended to study natural ventilation on the building, gas
plumes dispersion from the building, pedestrian wind level comfort, solar cell mounting above the
building, etc.

7.2 Recommendations for Future Work

e The current study results showed the efficiency of the provided CFD model to study
wind influence on isolate building models immersed in constant terrain exposure.
Future work can examine this CFD model’s accuracy for studying wind influence on
building in the group or surrounded by other obstacles, a building located over a hill or
located in any mixed terrain exposures, building with complex shape and
configurations.

e Performing other simulations using other turbulence models and comparing their
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results with the suggested turbulence model results, this may help in improving the
computational model efficiency and accuracy.

e Extend the use of the provided CFD model to survey computational parameters for
airflow in indoor environments, such as natural ventilation strategies, since this CFD
model showed good accuracy to model wind flows around buildings.
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