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Abstract

CFD BasedEstimation ofWind EnergyPotential inUrbanLocations

Anahita Ghassemi Panah

Wind energy plays a critical role as a safe and clean source of energy. However, the complexity
of wind patterns produced by the topographical characteristics of urban environments considerably
affect the performance of urban wind turbines. In order toemddhese effects, this study utilizes

both Computational Fluidynamics(CFD) and meteorological data in order to simulate the wind
flow in an urban area and to predict the performance of a wind turbine at specific locations on top
of buildings. This theis presents a review of vertical axis wind turbines and the desirable locations
of these types of wind turbines above a building in an urban area. Numerical simulations offer a
costeffective method with an acceptable accuracy to evaluate wind turbigolte Two test

cases have been studied to illustrate the behavior of wind turbines located on the roofs of buildings.
The full scale of the urban area and the computational domatoastructedand the flow is
simulated based on the STAR CCM+ ® softevaThe threelimensional, steady Reynolds
Averaged NaviefStokes equations are solved to obtain the velocity of the wind in urban areas.
Meteorological data is then used to estimate the potential energy production at specific locations
on the top of a biding. Multiple locations are studied in terms of annual total Energy output to
find out the best potential position for turbine installation. Results demonstrate a significant
difference of energy output for different locations of the wind turbines oseatie buildingThis

study introduces an effective tool to stuitiy annual totalenergy output potential ahultiple
locationsabove the buildingn much shorter time span (within a month)her than the existing

experimentabr field methods.

Keywords: Roof MountedWind TurbinesUrban AreaCFD, STAR CCM+,Wind Profile
Total Energy Output
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CHAPTER 1:Introduction

The use of wind as a source of energy goes badiftacentury in Persiand 13" century in
Chind1]. Wind was considered as a sourcesnérgy forsail shipsmill grain and pumping the
water.Windmills and watermills were two sourcesmbducing energy before steam engine was
invented. Currently, Wind energy is known as a cleameegy which is renewable, dely
distributed,and availablelt is aviablealternativeto fossil fuels with no greenhouse gas emission.
To benefitfrom this source of energgenerallyast wind turbine plantare placed together in an
area called a winthrm. However, recentlyinterest has growto supplylocalizedclean power in
urban and suburban are@sher thargeneralizedvide wind-powerplants.GenerallyHorizontal
Axis Wind Turbines (HAWT) are more conmon inwind-power plantsvhile Vertical Axis Wind
Turbines (VAWT) are more interesting imrban areasr offshore Figurel andFigure2 show the
structure of both HAWT and VAWT.

Figurel: The Horizontal Axis Wind Turbine (HAWT3]
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Figure2: a) Vertical Axis Wind Turbine (VAWT) b) The schematic of different parts in a typical VAWT

1.1Urban wind energy

The investigation of wind arouriiildings in urban areas plays a crucial role in many applications
such as wind energy and power generation, air pollupedestrian comfort andhtural ventilation
deigns[3]. With the rise in industrialization and the public awareness about the global warming
and alternative methods for moderating the fossil fuel consumption,.engrgyin urban aresis
becomingmoreinteresting Wind energy has shown an exponentially higher replacement interest
among other alternatives for fossil fuels (such as solar, hydro, tidal and geothermal). In the first
fifteen years of the twenty first oaury, the implementations of wind turbines have increased by
2000 timed4]. Today, due togrowing demand for cleamenewableand safe energy, the roof
mounted wind turbinegt@acta considerable attention as they are a clean energy source with easy
installation in urban areas.



1.2 Urban wind turbin es

Exploring roof mounted wind turbines calead to developing cost effective energy as an
alternative method for reducing the consumption of fossil fuels and the emission of greenhouse
gases. Moreover, the roof mounted wind turbines in urban areas could result into an efficient and
low cost associated witlvind power by producing the energy in the closest possible location to
where it isutilized, at the top of residential buildings]. Although most of the developments in

both technology and manufacturing infrastructures, havedmd@aved irfields far from the urban

area, there is a considerable potential of wind energy in urbareaoessl the highiise buildings,

near the railway trackstc. Furthermore, the Horizontal Axis Wind Turbines (HAWT) &ss
attractive taesidents due ttheir noise, aesthetic, visual and safety public conc¥iersical Axis

Wind Turbines (VAWT) seem# be a suitable alternative #®eseturbines are less noisy and
morevisually pleasant andould be installed on the roof of higise buildings in urban are{g).
Although the vertical roof mounted wind turbingenerallydemonstrated acceptablates of
energypotential the exact location of wind turbine must be analyzed due to the turbulence and
unsteady wind flows above the buildings inamkareasSince thesuccessfubperation of the wind
turbine will happen in the best and specific location of the roof top dfigferise buildings, the
inaccurate analyze which leads to the wrong location for the installation of the turbine, could lead

to the low performance.

1.3 Recent achievements ostudying andanalyzing the wind energy

Noticeable progresses have been made recenttppics related texploiting wind energy and
assessment of wind resources specially in urban aresesglection and design of suitable wind
turbines and the crucial role of aerodynamics and building constructions in enhancing the

extraction mechanisnjg].



Due tosome importandlifficulties of installing a wind turbin®n a roof top of a buildinguch as
structural concerns aruity bylawsregulationssomeresearches havestudied the implantation of

wind turbines spediically the challenges afistallation anactual wind turbine in urban locations

[8]. The current literature imore focused on the conventiomahd turbines installed on the roof

tops, however, the location of the building might reduce the efficiency of the geri@iafa0].

Due to the interest of governments for gatiag electrical energy from renewable resources,
intensive efforts have been made on installation and performance assessment of micro wind
turbines above buildirg[11], although thee are many challengeglaed tostructural stability

andrespectingloise standards.

One ofthe advantages afind flow in urban areas ithatthe wind speed near tall buildings at
specificcornerscould be considerable, moreover, the produced energy at the roof tops of a city
could be consumelbcaly. In wind energy generation, a small increase in wind speed could result
in a significantrise in energy generation since in the generated power is a function of the cube of

the wind speefl7].

Meteorological stabnscould provide the measured data of wind resoufnéso assess such data
in the specificlocations, some methodsouldbe used. The most popular direct methodglaze
Weibull and Rayleigh whit are mathematical functiorj42] which seems tdave the most
effectiveness in areas with high amounts of mean wind velocity such as offEl8jresmd wind
atlas data[14]. This statistical method can be apgdlyr the evaluation of thevind speed
characteristics and wind power at a specific height abovgnend using averageourly datg
There are some indirect methodach as numerical simulations with Computational Fluid
Dynamicsor wind tunnel experimen{d 5]. In addition,there has been studies on the effect of the
architecture of buildingssociateavith height and roof shape and wind direction on the efficiency
of energy productiofiL3][16], and presenting an analysis otiraated potential energy of a wind

regime[17].

The behavior of wind in urban aresknown as a complicated phenomen®hgere have been
someresearcheffortsrelated toevaluaing the environment and the locatifor extracting wind

energy as well aeld studieson installation of micrewind turbineson urban structurdg], while



other projects werécusing on technical aspects of wind turbines sucWiad turbine design
[18], [19] andnumerical simulations of the urban sif26],[21] and[22].

1.4Challenges of wind power generation
Thereare difficulties in estimating the exact wind speed in-ptait urban areas, for instance,
capturing the effect afther buildings around the specifiedation of interestthe reduction in the
wind speedtaused by the other obstacles and buildiegscultion Thereforejt is alsoimportant
that every building around thepecific location, haa particularroughnesghat couldaffect the
wind behavioraround thenstallation locationin other words, to select a suitable building to locate
the wind turbine has various challenges mostly occurred by the adjacent buildings and their effect

that they could have on the wind velocity around the selected lo¢ation

Therefore an advancedool like Computational Fluidynamics(CFD) is apractical,efficient,
and affordable wayto directly predict and assess the wind speed in cit@plex urban
environmentsSomestudiesfocuson computing the wd turbine wake aerodynamics considering
the NavierStokes equations and using the Computational Fluid Dynajpgjs Other, CFD
methods are considsat as an effective tool foestimating the wind energgbove the two
perpendicular building$§24], even ininvestigating the wind pressure coefficidot naturally
ventilated buildings, CFD seems to beetiable tool[25]. CFD is a useful tool to analyze and
comparethe energyextracied from the windIn free streammodelingconsidering thevariable

metrologicalcharacteristic§26].

It is particularly importanto choose theorrect locatiorof potential turbine mounting locations
especially when it comes to urban areas, as the density of the buildings around the location, could
add to the complexity of the wind flow around the selectedtion ofthe wind turbine.Uchida

used awind speed design technique in ordeet@luate the installation point of a wind turbine
usinga mesoscaleneteagological modeland CFD too[27]. Nedjarievaluated the wake of wind
turbinesand thesoil effects on the wake evolutiarsing a CFD modeh complex topography

[28].

CFD simulations of the wind flow around a simple building have been conducted in order to assess
the effect of different wind conditions on the wind turbifiz3], Allard also analyze the wake of
a Darrius wind turbine on the roof top of the building using CFD tool (STAR C3@})Further

5



studies indicated th&FD simulationsnainly rely onReynolds Averaged Navier Stokes (RANS)
approachand this approach is knownthg most common model used for urban wind applications

while Large Eddy simulation is lep®pulardue to its high computational cof31].

1.50bjectives and thesis outline

As it has been mentioned before, since the wind speed measurements at specific building locations
could be expensive and time consuming, several methods with different degrees of accuracy are
availableto do an initial assessment of the wind velocity magie and wind flow characteristics

in an urban areaThe method proposed here is a numerical method which is based on
Computational Fluid Dynamics (CFDio find the best location on top of the buildimgterms of

energy outpytCFD solvers compute tlveind velocity and the winflow aroundbuildings

In the currentwork, | exploit STAR CCM+ whichs a commercial software t&tudy, model and
analyzefluid dynamicsproblems As elaborated in upcoming chaptersrtain control pointare
selectedabove the buildingsThe points may represent potential turbine mounting locations.
Analysisis then conducted taentify thebestlocationsto installa vertical wind turbineon the

roof top ofnominatedspecificbuildings inurban areasAt each individual point, id velocities

are extracted frormimulationswvhich will then be used to calculate the energy output at each point
based on meteorological dakor validationpurposes,results derived frorsimulatiors arealso

compared with the experimental data extracted field measurementst specific locatior[82].

This thesisprovides an assessment of simulating the wind flow in an urbanTéeaethodology

is applied totwo specific test casson two nominated building®ne located in King Street and
the other onen Guy Streetboth in downtownMontréal, Québeaising the vinter wind rose
meteorological datdn this study weinvestigate multiple locations in terms of studying the annual
total energy output potentjadather than the limitebcations that can be studied in experimental
methods. The main contribution of shinetha is that we are using a powerful tashich can

study multiple locations at onesmd have the results within a month which is much faster and more



convenient in comparison with experimental methads, field measurements data, wind tunnels,

etc.

Chapter 2 presents the methodology, the turbulence modeling, the inlet velocity profile, boundary
condition and meshinghapter 3 furtheexplainsthe test case of the buildirg interestiocated
onKing Street This chapter also identifigscontrol pants above the building toonduct analysis

on andpresents the calculations of the energy output obél#tocation above the rooftop of the
building.In Chapter 4the second test case of Concordia EV buildinguy Streets introduced,

4 control ponts areselectedvhere one is the same location aftadyconducted in a wind tunnel

on EV building[32]. Calculation andanalysisare carried out accordingly and the total energy
outputs are verified against tagperimental tesesults Finally, Chapter Srovidesthe conclusion

and summarize deliverables Researclhopportunitiesare proposedo extend or improve the

applicationsof this studyin the future work section.



CHAPTER 2. Methodology

2.1City model

In this study, we use a CAD geometry fildnich coversa section of the cityncluding a portion

of the buildings around the€ing Streetwith the building of interest at the center of this geometry.
The height of thetallest building inthis simulationconsideed ish, and the dimensions of the
computational domain will beonstruted based othis length As the size of the computational
domain should not affect thdevelopmenbf the boundary layers, it is crucial to selpcoper
scales around the city so that in the simulationbthendaries of the computational domain do not
have any effects on calculation of the wind flolhe geometricainodel of the computational
domain has been selected ageatagorbecause we need to study wiad flow from all 8 principal
directions: North, Nortiwest, West, Soutiwvest, South, Soutba$, East, Nortkeast(Figure3 and
Figure4). The height of thecomputationadomain has been selected l8sh and the @tance
between the edge of the city &ach boundary is 10. Our simulation was based on the

recommendations NCFM@ simulations of wind distribution in an urban community with a full

scale geometrical modéJ33].

Figure3: The CAD geometry of test cakéng Street

Most ofthe flow founded in the nature is turbuleespecially in engineering applicatiom&nce,
theturbulence flow modeling is a princippart of the CFD methodologyhe turbulent model is

8



well describedn Hinzg34] fian irregular condition of flow in which the various quantities show a
random variation with time and space coordinates, so that statistically distinct average values can be
discerned. The presence of eddies of varying sizes in the fe@wyell as their diverse interactions,
causes these random variatio@ne of the approached toodel turbulencdlow is using the

ReynoldsAveraged NaviefStokes (RAIS) equations

2.2 Mathematical Model

2.2.1ReynoldsAveragedNavier-Stokes

For turbulent flowsthe quantities of the floveuch as velocity or pressure of the floary
dramatically in time and length scaRANS equatiordescribes the time averaged equation of
motion of the flow. In other wordspf each quantity, itonsidersa mean valuand thefluctuation

to find the exact amount of the quantity

. For instance, for velocity components we can have:

6 6 0 1)

The amount of these fluctuations couldpmsitive or negativeln STAR CCM+The averaging
process may be thought of as thaeraging for steadgtate situations and ensemble averaging
for repeatable transient situatiof@5]. Inserting the decomposed solution variables into the

NavierStokes equations results in equations for the mean quantities.

The mean mass and momentum transport equations can be written as:

T_”‘ I’18”o Tt (2)
T o
L o ngrolio  nak ned 4 B 3



Where” is the density.

o andnfare the mean velocity aqalessurerespectively.
Lis the identity tensor.

4 is theviscous stress tensor.

l is the resultant of the body forces (such as gravity and centrifugal forces).

2.2.2K-Uturbulence Model

TheK-U M oisibasked omwo exact equations faheKinetic Energy K, and the dissipation Rate

U As the Standard aulel shows an acceptable performance in accuracy and efficiency in modeling
a wind field around the building6], this study attends to simulate the wind flow with Standard
k-Umodel and Realizde K-Umode[33] in order to decide the optimize model withe best
accuracy in simulating the wind flow around the buildings in urban areadransport equations

forthedissipab n rate U and the Otrer bul ence kinetic en

r"”Qrt1 7 e T . LT Q. 4
1 A} A} U __\ O-
T O Tw Tw ” w
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wherey is air density (kg/m3), ttime (s), ui and uj the Reynaite-averaged velocity component

in thexi and xj (i, j= 1, 2, 3)directions, respectively the dynamic viscosity of air (m2/s),
0 — the turbulence kinematic viscosity (m2/s), = 0.7194 theturbulence effective Prandtl

number for k, G the sourceterm,=0.7 194 t he tur bul ence effective
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In the settingof STAR CCM+ for the turbulence models, we have two choices to select, first we
select the Realizable-Kmodel and other physical models as it has been demonstigsad.iln

the second phase of this study, we will run the same simulation theiSgandard KJmodelto

find themore accuratéurbulence model to simulate the wind flé&ld over the buildings in an

urban area.
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The turbulent eddy viscosity is calculated as:

CEQD Y ©)

where:

" is the density.

0 is aModel Coefficient
"Qis aDamping Function
“Yis the turbulent time scale.

In STAR CCM+, he transport@uations for the kinetic enerdy and the turbulent dissipation

rate- are:
~ o 7
TT_ ” !Q n-8” *_@ ( )
gt —n1Q 0 - - Y
8
T_ ” - r18ﬂ -I'l- ( )
!
‘ p 14 5
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where:
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Tr is the mean velocity.
is the dynamic viscosity.
w o aw 0 , andO areModel Coefficients
6 andf) areProduction Terms
"Qis aDamping Function
"Y and"Y are the usespecified source terms

- is the ambient turbulee value in the source terms that counteracts turbulence decay. The

possibility to impose an ambient source term also leads to the definition of a specific tim¥scale

that is defined as:

,,vv,_ 9)
Y | AG-h —

2.2.3K-epsilon Standard Model
The Standard Kepsilon model is de factostandard version of the twequation modeahcluding

transport equations for the turbulent kinetic ene’ig;md its dissipation rat&. The transpd
equations are of the form suggested by Jones and La[88ewith coefficients suggestday
Launder and Sharnjd9]. In STAR-CCM+, certain new terms have been introduced to the model
to account for phenomena like buoyancy and compressibility. Ainear constitutive relation is

also available as an option.
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2.2.4K-epsilon Realizable Model
The Realizable KEpsilon model contains a new transport equation for the turbulent dissipation

rate& [40].In addition, rather than being assumed to be constant as in the conventional model, a

critical coefficient of the mdel 6 is stated as a function of mean flow and turbulence properties.

This approach allows the model to satisfy specific mathematical limitations on normal stresses that

are consistent with turbulence science (realizability). The concept of a variable also

supported by experimental findinga boundary layers

For many situations, this model outperforms the Standaggps{lon model and may be depended
on to provide results that are at least as accurate. In ST&R+, both the standard anehlizable
models can be utilized with fine meshes that resolve the \astthlayer, thanks to the possibility

of utilizing a twelayer method.

2.3 Test Case Description

In this studythe potential energy output and wind velocity abavbkuilding inKing Streetis
investigated. 4 control points Vebeen set at the 4 cornerksthe roof top of the buildingt 5 m
These same points were also considered for potential turbine mounting locao2mdfeight
Troposkien turbinevith NACA 0012 airfoil section and three bladesiprevious wor§41]. In
this case, the inlets amditletsfor the octagonal computational domaitfixed and the results are
assessewith observing the flobehaviorabove the roof top. For this observation,gtreamlines
and the velocity vectors above the roof top are usstlidy thewind velocity above the building
and comparehe velocity magnitude at 4 control points. We expect to have the highest velocity at
location3 which represents the west side of the building as the most wiednhisvest in Montreal
regarding thaneteorological dat&rigure4 providesthe isometric view othe dimensions of the
octagonactomputationalomain.The height of theomputational domain is 10 (h is the height
of thehighest building in theonsidered argand thedistance between the edge of tity area

to the boundary of the octagon is 10 h in each dire¢&8h
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Figure4: The isometric view of the dimensions of the computational domain

2.4 Boundary Conditions

In this case, 8 different scenarios have been designed to assess the wind direction impact on wind
behavior around the building and eventually the energy output in 4 locations above the EV
building. In each scenario, one specific wiitectionis simulategdand 3adjacenfaces exposed

by that specific wind directio(Figure5) areconsidered as the inlet velociflyigure6), and the
corresponding 3 faces in front were selected as the outlet, and the other faces were set accordingly.
For instance, if the wind direction is frotine west, the velocity inlet is sébr faces northwest,

west and soutlvest(Figure7). The top, north and south faces are then defined as no slip boundary
condition and the east, nofffast and southast are selected as pressure outlet with the gage
pressure of 0. The turbulent intensity of 0.1 is set as the initial condition and turbulent viscosity
ratio is kept as the default value of [A2]. The turbulent intensitis defined as the ratio of the

rootmeansquare of the velocity fluctuations, to the mean flow velocity
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Figure5: The isometric view of the boundary conditioheach side of the octagonal computational
domain

i
14,169

/
e -
Velocity (m/s)
8.4115 11,790

70327

2.2751

&
Figure6: The velocity inlet profile on three adjacent faces exposed to the wind direction
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Figure7: Three adjacent faceghich are exposed to the wind direction are selected as inlet

velocity.

24.1Velocity Inlet Boundary Condition
For seting the velocity of the inlet flow, we have three options: velocity inlet, mass flow inlet

and pressure inlet. In this study, we $et velocity of the wind flow at the inlet of the

computational domain, so that we must use the velocity inlet.

24.21Inlet Velocity Profile
The implementation of wind velocity profile musiclude the effect of atmospheric boundary

layer.To take the windvelocity profile as the inlet velocity profile of the computational domain,

we need to consider the velocity as a function of the height, as the equation below:

@ (10)

Wherew s the velocity at the reference heigimt/s), Z is the height from the grouroh), O is

the height from the ground to the reference goihtandw is the mean velocity profile(m/s)Ve
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have the height of our computational domain as the Z, by applying the coordinates of our
computational domain, we can calculate the wiiloev velocity and set it as the inlet velocity
(Figure8 andFigure9).

Velocity
Vector 2

' 1.292e+001

r 9.691e+000

- 6.461e+000

- 3.230e+000

I 0.000e+000

[m s”-1] = s

Figure8: The wind velocity profile that has been set at the inlet asvnletity.
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9.9547 12.066 14.168

Figure9: The wind profile which has been set as the inlet velocity in STAR CCM+

24.3Pressure outletBoundary Condition
STAR CCM+ offers different options for the outlet of the domain, suchoatflow boundary

condition, pressure fdreld and pressure outldh some cases, when we might have the backflow,

we should use the option outflow because we have no information about the vetottity
pressure on the outlet prior to the solution of the problem. In this case, since we consider the outlet
far enough from the building, we can choose the Pressure outlet boundary condisiosgdgor

all the cases of validation and roof mountadditurbine analysig3].

2.4.4 Symmetry PlaneBoundary Condition
The symmetry plane boundary condition can be used while thes ebavior is expected to be

symmetrical about the plane thdivided the domain into tweymmetrical pad. we can use the
symmetry boundary condition when the expected pattern of the flow is mirror symmetry, we also
could use the wall boundary with zesioear slip wall in viscous flow.he top plane an?l adjacent

faces of the octagonabntiguous to the inlet and outheereset to Symmetry Plangoundary

condition

2.5 Mesh Setup
In this study, as the buildings in the computational domain have simpleesgeahshapes, we

can choose between the tetrahedcalls (Figure 10) or the trimmed cellsHigure 11). To

investigate the grid sensitivitthe same mesh gzas been usddr both mesh model&lthough
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the tetrahedral model creates much larger number of cells and cause an expensive siihulation,
provides more precise ahéyh-quality cells above the buildingAs anexamplefor creating 5cm

cells above théuilding, with the tetrahedral methothe amount of the total cells i$ 2nillion

while with trimmed mesh, the mesh size was 9 millidlence, thaetrahedral model has been
selectedor discretizing the computational volume into volumetric elementsateatised in the
computationsandthe trimmedmodel used to meghe prism layers (inflation layers) around the

selected building

In this simulation, wetartwith 5 million cells, fineinflation layerswith trimmed cellsare created
aroundall buildingsand near the walls anldegroundto capture the flow details bettdforeover,
to studythe mesh independeg we haverefined the mesh to 10 million and 20 millioThe
objective isto reach the mesh independent resaiid toidentify theoptimizemesh size

Figure1lQ: The tetrahedral mesh over the buildimgsund the King Street
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Figurell The Trimmed mesh over the buildings around the King Street

Figure12 demonstrates the 3D view of ttetrahedral mesbf the whole building zondhe total
mesh size is 10 million with usingism layersand finer mesh cells around the buildings and near
the gound.The mesh around the buildings Hakprism layergo improvethe assessment tife

flow near to the surface of the buildiRgure13.

Figurel2 Thetetrahedral mesh with 10 million cells in building zone
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Figurel3: The mesh cells above the building with minimum amount@d &d maximum amount &f.2

meter (on the surface of the root top)

Thevalue ofy+ above the buildingre calculated by theoftware andare plottedin Figure 14.

The size of the first cell in the mestethodologyhas been selected so that the amount of y+ above
the building is more thanOland less than D(in k-epsilon models thpreferable value foy+ is
betweer30 to 300 [44]). Figure14 shows the isometric view of thg on the buildings, théner
mesh around the selected building<img Streetresults to much less amount of y+ round of this

building (around 58 mostly) in comparison with other buildings.
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Figure1l4: Wall Y+ around and at the roof of the building
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CHAPTER 3: Model Verification

3.1Mesh Verification

Since thesolution is affected byhe mesh sizehe objective of this section is to find the mesh
independent solutioso that the results would be valithe grid sensitivity is investigated by using
three different mesh sizes to study the effect of mesh size on the results andéate ¢lalwind
speed at the same points with keeping the same paramdteesolverThe mesh size was started
by having 5 million cells and then finthe mesh sizesere constructed toave 10 million and 20

million cells in the computational domain.

In this section, wealso investigatetwo turbulence modeldijrst run is based on Realizable K
epsilon model, and the second run is based on the Standard K epsilon model. After runaing thes
two simulations with the same geometmyesh,and settings but different turbulence models, we
can extract different data sets such as the velati® control points, the streamlines, the

turbulence kinetic energy etc.

Figurel5:Four control points at the edge of the rooftop represented as 4 possible locations for installation
of wind turbines
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Also, we will provide a table which includes the velocity at 4 control poinEsguare15in both
simulations. In this table we can compare the velocity difference for the same point. This could be
criteria of selecting the optimized turbulence model. Welk#tiese control points at the edge of

the rooftop of the selected buildirtg,record the velocity magnitude in that specific location.

Figure 16 shows the building zone mesdand the prism layers around the building to achieve
finer cells around the selected buildifign investigate the grid sensitivity, we have three meshes

with 5, 10 and 20 million cells to have three different densities around the building

Figurel6: A vertical section of the mesh &) 10 million mestwith the location of control pointsf

SouthWest and Soutitast.b) 20 million mesh above the buildihginvestigate the mesh sensitiviand
the location of the control points at Sowtlest and Souteast
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Figurel7: The 3D view ofthe building indicating the locations of 4 control points above the building

roof

In each case, the finer mesh has twilve number otells with more accumulation around the
building. In Table1, the velocity magnitude at each four points above the building is extrdnted.
Figurel6, the control points 1 and 2 representiloeth-west and Nortreast respectively, aride
control point SoutiWestrepresentpoint 3while the Soutkeast location represents pohiThe
mean differencéor the finer mesltpredictionof velocity magnitude i¢ess than 2%.Figure 17,
shows &D view of thesurfacemeshon the buildingand surroundinguildings. Furthermoreas

indicatedthe mesh sizes graduallygrowing asmoving outwardrom the building.

Table1: Velocity magnitude a# control points using kKepsilon standard turbulence moaéiile the wind if from

SouthWest direction

Standard Point 1 Point 2 Point 3 Point 4
5 million 5.96 6.05 5.19 4.04
10 million 6.04 6.15 5.94 452
20 million 6.29 6.85 6.02 4.69
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Table2: Velocity magnitude at 4 control pointising K-epsilon realizable turbulence modeile the wind

if from SouthWest direction

Realizable Point 1 Point 2 Point 3 Point 4
5 million 7.11 8.23 6.37 4.65
10 million 8.01 8.33 7.06 4.77
20 million 8.36 8.39 7.09 5.03

In both tables théighestvelocity magnitudalifferenceoccuss at point2 which is at the south

west side of the buildingFigure18). In Tablel, the lowesdifferenceof wind velocityoccursat

point 4, this situation is the same fbable2. The realizable turbulent model seems#dculate

higher amount of velocity magnitude at the roof top of the building in comparison with thef data

the standard turbulence modelTiable 1. By increasing the mesh sii®m 5 to 10 million and

from 10 to 20 million the velocity magnitude imealizable modevVaries in higher rates than in

standard modeln Figure 18, Thewind risesfrom the wesstideof the building,it is shown that

the velocity magnituddecreaseafterit reaches the point 4 at the bawkthe buildingatthe east

side
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Figurel18: Thestreamline®f wind velocity above the building

Theconvergenceesiduals of both turbulent models are provideBigure19 andFigure20. The
resultsof velocity magnitude at each four poiiés each turbulencenodel extracteafter 10000
iteratiors and the amount of theesiduals for continuity and kinetic energy and momentums are
controlledto reach stable result¥he residuals are in the order e8e@r lower(Table3) and the

plot of theresidualvs iteratiorsdemonstrates that the residuals seem to reach awsiméehrough

the iteratios. To investigate the convergence of the resultsvilecity magnitude at a specific
point in terms of iteration is plotted.

28



Residual

Residual

— Continuity
Residuals —— X-momentum
54 — Y-momentum
Z-momentum
Tdr
13 — Tke
0.54
0.14
0.054
0.014
0.005 9 A A LA AA M. A A A A A ) .y 1 A A In il
AP oA i f o, e AP A i i APy Ay Ay APt i AP APt At M ittt A AU A o M AR AN
0.0014|
Se-044
it AR AL AT et AT LN o SRR S p A i ML e, Lt S POt Ao B A Nnnio p bt LS el | ik
le-044
Se-054
le-054
Se-064
le-06 T T T T T T T T T T T T y T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10000
Iteration
— Continuity
Residuals —— X-momentum
5+ — Y-momentum
Z-momentum
Tdr
13 — Tke
0.59
0.14
0.054
0.014
0.005 4 ,."." gl u.“w'lwn.v-"f.‘"‘,v"uﬁ“‘ ) Vil J‘.q‘w“u_ A, v’»".‘ Vs "'UW\N J...-‘_V,W\F_,'v"..‘\w\d. Man l‘\"l,‘"w"lx."u ,._ﬂwﬂwn -n-"-u‘"v"..'w.‘\-v"‘ J.L\‘n_n " N1 0, ,“u’ M f-j‘-f A J‘-,«.-r‘., .‘Iul"“"-' J\""w't-u".- J"“Vi.h,ﬁj_,lrﬁl e J,Mﬂ Y y‘-’L".f‘,u"w'-_.”-"-'uh\"“ul \A J'lwll ,.I‘“ i *‘.'\r."vMU‘»“a\-’\ h_\‘"‘-,
I
0.0014)
S5e-044
le-044
5e-054
1le-054
5e-064
1le-06 T

T T T T T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10000

Iteration

Figure20: Residuals of the solutiamsing kepsilonStandardnodel
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The residuals in both models are in the same level of accuaadythe accuracy of thesiduals

are almost around-£.

Table3: The residualamount for each model

Iteration | Confnuity | X-momentum| Y-momentum| Z-momentum TKe Tdr
Realizable 10000 | 1.349654€03 | 2.219163éD4 | 2.579751eD4 | 1.883502€D4 | 3.076609€03 | 4.327229€05
Standard 10000 | 1.427646eD3 | 2.918673eD4 | 3.295226eD4 | 2.137027€04 | 4.533280€D3 | 3.117104€05

3.2Convergence

The convergnce of the results alsoinvestigatedoy plotting the velocity magnitudeersus the

iterationnumber The difference or fluctuation of the velocity magnitude at each control point for

both models should bminimal. Figure21 shows that the solution hasnvergedand the results

will be in the same ranger moreiterations.The velocityvalueafter 10000 iterationst point 3

is 6.038m/s and the velocity magnitude at the same poit¢ition10800 is6.05m/s.
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Figure21: The velocity magnitudehanges witli000iteratiors atall control points
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3.3Discussion

In this chapter, the flow behavior around the roofitopvaluatednd analyzed for both turbulent
models,.e., Standardk-epsilonand Realizable4epsilon For each specific model, the wind flow
velocity and thestreamlinesaround the buildingare derive and extracted from the software,
accordingly, velocity vectorare showraround the building roofith 10 million mesh cellsThe
corresponding contours for each turbulent model have been illustrated for Turbulert kineti
Energy andvorticity aroundthe building in theKing Streetand the wind direction in the below

extractediguresis from West

3.3.1Wind Velocity Profile in the Vertical Plane
To investigate the velocity of the flow at the top of the building ansundthe edges, we

investigate avertical plane which crosses the building at the centerline. The velocity of the wind
flow over the whole computational domain reveals the wind behaxeoind the urban ar&agure
22,

rs Velocity: Magnitude (m/s)
fo’ p0.00000 2.8950 57820 B.688I 11.584 14480

Figure22: The velocity of the wind flow plotted on the vertical plane goes through therlea of the

building using kepsilonRealizablenodel
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Velocity: Magnitude (m/s)
[__w p0.00000 2.8969 5.7937 86905 11.587 14484

Figure23: The velocity of the wind flow plotted on the vertical plane goes through the centerline of the
building using kepsilonStandardnodel

The velocity over the building illustratedas below inFigure24, we can see that the velocity of

the wind is higher at the front edge of the building compared to the rear edge of the building. This
could be an indication to conclude that the best location for the twihthe could be in the two
control points at the front edge of the building. More data could be extracted from the exact
velocity magnitude at those two points in the front @dgiecide between those two control points.
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Figure24: The wind flow field above the buildingsing kepsilonStandardnodel

Velocity: Magnitude (m/s)
4.0000 6.0000

Lx_\’ 0.00000 2.0000 8.0000 10.000

Figure25: The wind flow field above the buildingsing kepsilonRealizablemodel
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In both models, the results seem to be fair and the contours around the building and on the rooftop
of the building seems to be almost the samsdhe K-epsilon model. The velocity in the
computational domain seems to have higher range in Realizable cootlghredo the Standard

model

3.3.2 Velocity Vectors on the Vertical Plane Around the Building

The velocity vectors irFigure 27 shows the wind flow dection around the buildings and
specifically demonstrate the location of the wakes or vortexes between the buildings. These are
the locations which should be avoided to install a wind turbine due to the reduction of the wind

velocity.
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Figure26: The velocity Vectors around the buildings on the Vertical plakeepsilonStandardnodel
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Figure27: The velocity Vectors around the buildings on the Vertical plateepsilonRealizablenodel

3.3.3 3D Flow Streamlines in the domain_ A Narrow Set of Streamlines Around the

Building

F' Magnitude (m/5)

&1402 81869 10.234

Figure28: A 3D narrow set of flow streamlindsom Westdirectionandthe movements of each
streamline through the whole computational domsing kepsilonRealizablenodel
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The streamlines show tlgenerabehavior of the wind flow around the building,Figure29,
the wind flow move above the building and with higher velocity at the front edge compared to
the rear edge of the building.

Figure29: a) The 3D flow streamlinesbove the building roof topsing kepsilonRealizablemodelb)

the same streamlines with the same location for both models,kispgjlonRealizablenodel
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Figure30: The 3D flow streamlinesbove the building roof topsing kepsilonStandardnodel

The streamlines around the building in both models shbeisehavior of the flow moving over
the building or form vortexes between the buildings,stneamlinesn both models were almost
the same with &lightly higher ranges for realizable model in velocity of the flow around the
building. In this study, The Réaable kepsilon model seems to be able to capture more details of

the wind flow in the urban area and specially around the building.

3.3.4 Vorticity Around the Building
Another important parameteffectingthe efficiency of the wind turbine is the amount of vorticity

at the top of the building. As we can sedrigure 31 and Figure 32, the vorticity contours are
almost the samir both models, while the €psilon Realizable model demonstrated higher rates
of vorticity in the computational domaiWorticity is the curl of velocity field thatneasures the

local rotation of a fluid.
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Figure31: Vorticity (/s) above théuilding using kepsilonStandardnodel

Figure32 Vorticity (/s) above the buildingsing kepsilonRealizablemodel
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3.4Calculation of Energy outputfrom one wind direction
The wind dataFigure 33 in determined that in Montreal, the wind blows mostym the west

direction Therefore, in both test cases, it is crucial to study the flow behavior while tbeisen
from this direction In each test case, we must illustrte streamlines from thiecationsof
interestand study the path dfi¢ wind flow above thbuilding.

Rose des vents
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35% vents (m/s)
30%
NW 25% NE ml12to 13
20% mllto1l2
15% m10to 11
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3to4
S 2to 3
Hiver 1t02

Figure33: Wind Roses in Montredibr Winter monthg45]

To investigate theowerfrom the wind that a turbine can produees must estimate the velocity
at the turbine locationt is known that wind power increases with the cube of wind speed, also, as we

do not have the turbine already installed at the top of the building, hence, the area of the turbine
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considered as unity, in other words, in this study the amount of the pewenip area is calculated

Hence the equation of wind power is written as below:

0 g oY (11)

To calculate the actual amount of velocity at the top pf the building and regarding the wind capacity
available from each direction, we consideren bins as the average velocity of the wind at the
inflow of 2,4,6,8,10,12 and 14J¢p) with 2m/s interval for each bin from3 m/s wind speed up

to 1315 m/s wind speedio scale the velocity which was extracted from the simula(fidwind),

we need tause a coefficient which is theveragevelocity at the inlet divided by the reference
velocity at the boundary condition of the simulation which was 5m/s at 10 m h&ligit &nd

then scale it by multiplying in incoming wind results to the actedcity at the location of the
turbine Uactia). Hence, thewind velocity can be related to the hourly mean wind speed and
direction

_ Yni Map (12)

Uacttra U
ref

To calculate the Energy outputrfilne entire yeanvind frequency at eackelocity average birs
extracted fronthe meteorological dataConsidering the 8760 hours in the entire year, the amount
of Energy outputs calculated by multiplying wind power by the total hours in the year and then
scaled by thevind frequency By dividing by 1000, this amouns converted to the scale of

L WQ,
q -

Table 4 represents théctual velocity(m/s) and Energy output®(?, ) against each average

velocity bin taking an example of average velocity of 2 m/s, the correspoadtngl velocityon

the buitling roofand energy output are 2.80 m/s &d2Q, respectively. As illustrateavhile

average vicity bin grows to the right of the tabléhe two othewariables(actual vebcity and

Energy) increase.
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Table4: Contribution toEstimated Energy output at poifrom the West wind.

2.80 5.6 8.4 11.2 14.0 16.8 19.6

5.83%  9.22% 9.00% 5.72% 2.43% 0.60%  0.24%

13.53523 108.28  365.45 866.25 1691.90 2923.61 4642.58

6912 87456 288121 434055 360152 153664 97605

Energy outpufor eachcontrol pointfor one wind direction are calculatadd presented iRigure
34 asillustrated, the highest total energy output value is fattatation 2(with the value of 1992
b @9, ), the position of point 2 is aldndicated on the roof top &imeters above the roof Figure
35, The other three locations (points 1,3 and 4) repreggroximately the same rangkannual
energy output values with the average60D ¢ @@, . Considering lte energy values, point 2
(located on the Nortlcorner of therooftop of building) is deemed as thieestout of the four
locatiors to install the wind turbine
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Total Energy Output for the Entire Year
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Figure34: Energy Output for the entire year at each control point above the buildinghe
West wind

Figure35: thelocation of eacltontrolpointabove the EV building
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CHAPTER 4. Experimental comparisonand validation: TEST
CASEof EV BUILDING

4.1Test Case Description
In this sectiorthe results of the wind velocity and total energy outgiaitulationsabove the EV

building areinvestigatedThe points are selectedfatir edges of the EV buildin@-igure36). The
velocity ateach pointis evaluatedor eight winddirectiors. The computatioal domain in an
octagon and 8 simulations are torcalculatehese velocitiesFurthermorethe total energy output
per unit aredor eachpointis calculated. Onef the points was analyzed previously both with
actual measurements any using wind tunneltes{32]. First, the computational results are
compared with these results. Thdme potentialEnergy output fothe entire yeais calculatedat
each pointo comparetheselocatiors so to identify the best location ftine installation of wind

turbines.

4.2Geometry and Computational Domain
The geometry used for the validatio®m the surrounding of the EV building of Concordia

Universty whichis shown inFigure37, Thesamenumber of surroundinguildings agshe model
built for experimental wind tanelsetuphas been made in order to condacomparison witithe
experimental resulti32]. Figure 38 shows the location of thi@ur control points above the EV
building. The total Energy output will bevestigatedatthesefour cornerpoints of the roof top of
the building.Point 3 is selected at theamelocationat the same location as tfield measurement
data aboveéhe EV building.
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Figure36: Location ofthe4 control points above the EV rooftop
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Figure37: 3D CAD model ofthe geometryand the location of EV building

In Figure 38, the dimensions of the computational domain are selected as the height of the
computational domain is 118 whereH is the height of the tallest building in the computational
domain, also, thebuildings are surrounded in an octagp#6]. The dimensions of the
computational domain are taken the same as the verification sédt®height of th@ctagon is
1000m, and the width of théuilding zone is almost 1008, and the boundariesf the octagon

are 1000m from the edge of the building zoleigure 39)
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Height = 1000m

Figure38: Isometric view otthe computational domaidimensions
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Figure39: Isometric view of the domain for the simulationtioé EV
building
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4.3Mesh setup

STAR CCM+ automatic volume meshis used tareate volumetric elements with tetrahedral
meshing modelThe prism layer createatound the buildings and specially around the EV building
to capture théoundarylayerflow and give morerecise detailsbove theEV building. In this
case, we use 20 million medghktrahedralcells to provide a acceptable predm and a
computational costffective method5 prism layers ar@xecuted around the EV buildirng

capture the boundary layer and have more accurate results.

Figure4(Q: SurfaceMesharound the EV building
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Figure4l: Prism layers round the EV building

4.4Boundary Conditions

An octagonal computational domain is defirfedthis case studgs8 calculation scenarioare
performedin 8 different wind directiondn this case, 8 separate si@tibns are conducted, each
described as followingn each scenario, one specific wind directisselected, and &djacent
faces exposed by that specific wind directibig(re4?2) is considered as the inlet velocity, and
the corresponding 3 opposing faces in front were selected as thewstltléie gage pressure of
0, and the other facemeset accordinglyas no sk boundariesAs an examplein the test case
illustrated inFigure 42, the West NorthhWest and SouthVestfaces have been selected as the
velocity inle, the opposindaces, which are East North-East,and SoutkEastare selected as
pressure outlet. The other fadg@krth, South) are symmetry planégibulent intensity of 0.1 is
set as the initial condition and turbulent viscosity ratio is kept asefiaeltivalue ofLl0[42]. The
turbulent intensityis defined as the ratio of theotmeansquare of the velocity fluctuations, to

the mean flow velocity
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wind direction

Velocity (m/s)
7.0327 / 854115 11.730 14.163
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Figure42: Theinlet velocity vectorsvhile the wind direction is considerémm the West

4.5Convergence
To study the convergence of the results, amalyzedthe steady state solution fidre last800

iteratiors. The velocity magnitude at all 4 control points above the buildiagtracted fothe last

800 iterations. We can report that the solutios teachd the convergence and the results will not
change with further computatiansigure 43 showsthe velocity magnitude at thewtrol poins

above the EV building while the wind is blowing from the West direcagure43 demonstrates

that the veocity magnitude at the location reach a stable amount around 6.2 at point 1 after 10800

iterations.
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Convergence
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Figure43: Velocity magnitude changes iteratiors atall control points

Note that, m the first attempt with 2 prism layers around the building the results did not converge
after 11000 iterations. With 5 prism layers around the building, the simulation is converged after
11000 iterations.

4.6Validation with field measurements

To validateresults of theCFD simulation , wecalculate the energy outpalbove the EV building
and compare it witield measurementf32]. Similarly, they did not consider an actual wind
turbine above the EV building, tlaeea of turbine is set as the reference areadof. The results

for the total energgvailablearereported per unit area in this study.

The approach taken to calculate the tetergyoutputis asfollows.: thevelocitiescorresponding

to eachpoint abovethe EV building are extracted from STAR CCM simulations and then the
actual velocities at each control point are calculasepetheprocedure described in thalowing
paragraphLLonsequently, the total amount of energy outputifeentire year has been calculated
for each control pointEventually, the poinwith the highesenergy outpuvaluecan beselected

as the best location to install a turhine
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To calculak the actual velocity aeachcontrol point location, we use tlawerage velocityn each
bin, for instance considering the average velocity ofn®s bin which represents tral the
velocities betwee 1-3 m/s, for example from th&Vestdirectionthese velocitie®ccurwith a
frequency 05.83%. Using the scaling oEquation12 the actualwind velocityat this point from
the westrelated to 2 m/s i4.35 m/s. The next step is to calculate tpewer outputand by
multiplying the power by the time and thend frequency the total energgvailableis calculated

As an examplefor the Westwind rose the wind power isaboutl.52 Wattd& at 1.35m/s the
frequency of this wind i5.83% so that the Energy output for this IocatiorVES(b"Qd . Table

5 reportstheyearlyenergy output resulfer theWestwind from Westat the point of interest

Table5: Estimated energgutputon point4 above the EV buildingrom West direction

1.35 2.71 4.06 541 6.77 8.12 9.48

583%  9.22% 9.00% 5.72% 2.43% 0.60%  0.24%

1.52 12.20 41.18 97.62 190.66 32946 52317

778 9855 32468 48913 40585 17316 10999

The amount of actuaielocity riseaswe move in the tables from left to righ¢causehe average
velocity bins get highesamounts fron® to 14

4.7Energy potential estimate validation
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By calculating the amount of power (per unit area as we did not consider the turbine in this study)
and comsidering the wind velocity frequency for each average bin velocity and for each direction,
in regards with théotal hours that we have in the whole year,0aa compute the energy output

for each average bin in each directiéigure 44 illustrates the amount of annual total Energy

Output at poinB which is aboutl3750 ¥, .

Total Energy Output for the Entire Year
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200
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Figure44: The total amount of energyutput 05'96( ) at location3

A threecup anemometer wasstalled at 2m height above the building on the N&ist corner
of the roof top with the purpose of calculating the wind energy with field measurements data. The
anemomet er 6 s eftoepturectimeaata eweayd sesonds for the duration of August
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2013 to October 2013 and the data gathered was in turn used to calculate the total wind energy for
the mentioned periodrigure45 provides the field measurement datablack and whiteand the
Estimatedvalue (in bluepf the potential energy outpidr the yeaf32]. It shows that the amount

of the total wind energy per unit area for the entire year with the data collected from August to
October 2013 Klack bars inFigure 45). Figure 46 shows the exact location of which the

anemometer was installed.
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Figure45: Field Measurement Data and the Estimated Values above the Roof of EV Building with the
Corresponding Error Barf32]
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anemometer

+

Figure46: TheLocation for the anemometer in-&uran study

With comparing the amount of energy output that we calculated with the numericabmtino
the amount of energy output estimated from ftalel measurement data Al-Quran caseit is
demonstrated that the amount of the energy owxwacted from simulation in STAR CCM+, is
slightly lower than what they estimateg field measuremenWhen comparingpur result with
the esimated wind tunnel results, we need to take consideation thatthe wind rosaused as
reference in thavind tunnel estimatstudy alove EV building at point 3 asFigure47 (a). Note
that in Al Quran cas, the dominant wind direction West and SouthVest, however in our case
the reference Wind Rose is Bgure47 (b), which indicated the West direoh is the dominant
wind direction Moreover, in AlQuran study16 different directioaareconsideredo specify the
frequency of wind directiorffor instance, the WesSouthWesthas about 13% of frequengy
while in ourstudy, we took 8 different directions aBdcorrespondingsimulations The total
Energy output at point 3 from threeasurement field with anemomegdrove the EV buildings
about210042, , whilethe estimated amount for the energy output from tinel tunnel data is

about 19000 . and inthis caseusing STAR CCMH+tool, it is slightly lowerabout 1375,
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