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Abstract

The usage of pundmounted photovoltaic solar panétsincreasingandit is essential to fully
understand the wind behavior and loading on the panels, since thespéecifccode or guideline

for their design in the present. In addition, the University of Ottawa and Catletwersity
recently developea new facility, called the Wind Damage Simulator (WDS). This study will
allow to understand the flow behavior in the facility, along with the effects of different blower rpm
settings on the flowA CFD study was also conducted, in order to exartheenethodologyand

turbulencemodelssuitable for the floweplicated irthis facility, for future research.

The newly developed Wind Damage Simulator (WDS) facility was used to examinénginoed
effectsontwo solar panelattached to a fram&hemean presure coefficientistribution on the
photovoltaic panslwas examinedor several wind angles of incident&Ol) and wird speed.

The wind AOI considered were the 0°, 30°, 45°, 180°, 210° and 225°, along with wind speeds
ranging from 14 m/s td2 m/s with increments of around 2 m/Bhe experimental results showed
fluctuations in the Cp distribution on the panelse to th&VDS wind flow being highlyunstable

The 180° wind AOledto thehighestuplift mean Cp equivalefCpeg) value on the panel3he

45° and 180° wind AOI were found to induce a.£) significantly highemagnitude on the first

panel compared to the second panel, whereas the 0° and 210° wind AOI induced a significantly
higher Cpq magnitude on the second panel compared to the firgtl @3, Moreover the CFD

study provided pressure coefficient distribution on the panels and flow visualization when
interacting with the panels surfacdhe LESDynamic Smagorinsky subgrid scale model was
found to bamore suitable for the WDS numericaplication than the RANS shear stress transport

k-¥ turbulencemode The LES model showed the fluctuatin

surfaces, induced the swirlsthat were formed potteraction of the windvith the panels
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Chapter 1 Introduction

1.1 Solar energysystemsand wind loading

Fossil fuels have been the main source of energy in the past. However, with the rise of climate
change and its negative impacts on én@ironment more focus is directed towards reradohe

energy in order tanitigatethese effects. According @report issued by Natural Resources Canada
(NRCan, 2017, one of the fastest growing tygpef renewable energy in Canada is the solar
photovoltaic energyThe solar energy systerase mainly formedof solar cellsnstalled on solar
panels or solar trackerthat capture the sunlight and convert it into electricltyis processs
environmentally friendly and its increase in usagésreducing the global warming emissions
production(IPCC, 201). In addition, solar energytechnology and applicationacrease jobs
opportunites, sinceit requires labodue to the need of workers for installments of solar panels,
maintenance, and repaient With this significant increase of focus on solar energy, it is important

to design the solar panels or racking system efficiently to resist forces of nature while also being
economicalpy avoiding any overdesigof thesystens.

Solarpanels, whether they are remfounted or groundghounted, are often designed according to

wind forces sincetlsar e most | i kely to be the critical a
differences in atmospheric pressure: the greaterthe diffa c e, t he s Nkemdirimer t he
2006. Generallywind is directed horizontally along the earth surface dubddorizontalwind
speedccomponent being more dominant than its vertical component. Adequatelytanderg the

wind effects anthe windinducedpressure distribution on tiselarpanel surfaceallows for better

design standardsvhich will lead to more effective installments. This can be esgnomical for

largescale solar projectsuch as solar fans, since maintenance, reggaand redesigns can be

very costly, time consuming and negatively affecting the energy productionTheteadequate

structural designg of solar panels systems will help maintain the structural integrity of the
supporting sgtems thus protectinghe large investment of time, money and materhbre

importantly thiswill assurethe public safety anavill avoidsignificantstructural failures

According toNational Building Code of CanadABC, 2015, typical structures are all designed

to resist the strongest windietermined forsignificant large return period. The value of the

1



reference wind velocity pressufdBC, 2015 Appendix G2) used inlhe design is obtained from
historical data that depend on the geographical location and are based on a probability of
exceedancer any one year of 1 in 5INBC, 2015 Division B). However, for structures such as
solar panels, uisg the static load procedure could be considered inacc@ai®. systems might

be subjected to buffeting which can be due to turbulence, aerodynamic instability, vortex shedding
or upwind obstructionsHence 1 is recommended in Commentarysentenceé4 of theUs er 6 s
GuideNBC 2015: Part 4 of Division Bo conduct a more detailed aerodynamic analysisdtar
systemswith a natural frequency lowéan 10 Hzsince it take into account the vibrations that

may increase théynamicloading effec{Structural Commentarie2015.

The uplift wind pressure is often the major concern for any engineer or desiggisrcaused by
anegative pressure applied to the surface, which is magnified by separatedetidwwgcconical
vortices. Wind uplift force occurs when the pressure below a support is greater than the pressure
above thuscreating suctionAly and Bresowar2016. Due to the insufficient understanding of
wind-inducel effectsand provisions regarding the solar panels design for wind loadings, engineers
often have to count on their best judgement to obtain the optimum design. In some situations, the
designvalues obtained may be underestimated or overestimigadingto either structural
failures or overdesignsvhich can have significant safetyr economicaconsequence@anks,

2012. Computational fluid dynamics (CFD) analysis can be conducted to develop and understand
better wind flowpatterns around structures or objetisoptimize designsHowever, for high
turbulent wind scenarios, these estimates are not reliable and precise. According (20NBC
Commentary | sentence(Structural Conmentaries, 20)5n0 sandards or provisions accept CFD
procedures, and it is not allowed to be used solely without experimental wind tunneling for
validation of results. Currently, INBC (2015)there is a section in the comntary specifically

for roof-mounted solar panels systel@signprocedure; howevemore studies and guidelinase

needed for groundounted solar panels.

1.2 Research motivation

As mentioned previouslymplementingsolar energyechnologyis part of a wrldwide vision to

helpreducing thenegative impact oflimate change and global warming. In Ontario,FeedIn



Tariff (FIT) Programapreviousong-termproject allowedenergy consumers to participate in the
generation of sustainable and renewablergyn Through the FlTprogram,opportunitieswere
made available for people and communities to reduce their electricityob#igen earn money
through the net meteringystem whereenergy generated through solar panels is delivered to the
electricity grd and is taken into account with the consumption simultaneo@sly.small
renewable power generation projects (1L0kW or less), MicroFIT program, which edlonthe

FIT program encouragedolar energy generation for small businessesooneownergIESOa,
2019. Thisallows for a cleaner environment; howevealsoincreases significantly éhusage of
solar energy systemgven though the Minister of Enertgrminatedhis program on December

2016(IESOb, 2019 new similar projects could emerge in the future

This implies asignificantfuture growth in solar energy projects, especially for gremmodinted
systems due to the fatttat these hawe easier access and maintenarare,less catly and more
suitable for big projectsMoreover a big advantage of groumdounted solar panels tbat,
usually, theirlocationis distancedrom communities andirban aregsleaving behind smaller

probability oflarge consequencas case of unexpecteddructural failure.

The solar energy industry hbsen on a goalvhich is to lower the cost of the PV systems as much

as possible. According t6ain and Bank$2015), fias industry scales, prices fa(Figure1.1),
meaning that with the increase of the number of installations, the cost of implementing these solar
energy systems decreaskl@nce manufactureos solarracks often rely on modeling their system

and running wind tunexperiments to design more efficiently andeduce the cogtCain and

Banks, 201% However the occurrence of failures dargescalegroundmounted solar systems

will lead to damagewhich might becomegreater than # savings o more economical design

This showsthe importance of further research regarding wefféct and loading on thesolar

energysystems in order to foresee and prevent structural failure.



As Industry Scales, Prices Fall
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Figure 1.1 Growth trend of the solar PMdustry Cain and Banks, 20}5

The currensstudyperformed forgroundmounted solar panels watsomotivated by the fact that
over the past yeagrmoststudies were conducted on ranbunted solar systembecausd is less
challenging than grounthounted solar system&roundmounted solar panels are often situated
in the lowerpart of theboundary layer wind profile, where the flow is highlybulent,andit is
difficult to replicateits effects on scaled modules in a wind tunkell-scale wind tunnel testing

is difficult to achieve due tmodel dimensions artockage restrictionfience there are limits for
scaling the specimenAlso, replicating turbulence on smatalemodelscan lead to inadequate
results NBC Structuralcommentaries (201%pntairs design stepCommentary | paragraphs 56
and 57)hatcanbe followed for roofmounted solar arraybut still there is not enough g@lihes

nor regulations for grounthounted systems. Before the development of design guidelines, further
research regarding the wind effect on groomolunted solar panels is deemed necessary for safety
and economical reasgrespecially since growth is bgrwitnessed regarding the scalesolar
energy industrysuch aghe Quaide-Azam Solar PowefQASP) systemas can be seen Figure

1.2.



Figure 1.2 QASP solar sstem Photo c¢edit Quaide-Azam Solar Power (Pvt) Lt&Retrieved from:
https://www.dawn.com/news/1209933

In addition,in 2018 a new facility was developedthé University of Ottawa, the Wind Damage
Simulator (WDS), which also motivated this studyis facility is capable of simulating wind
loading through a suction outlet located at théddhe of the facility ceiling connected taan
industrialblower, as detailed irfChapter 3 Air is extractedthroughthe top suction outletral it
can be drawn inside the bty openingoneor several inlets, located on each lateral walhe
facility, depending on the experimental procedure flowd characteristics desiredhe WDSis
still anewfacility, and this is the first experimentrductedn it, hence furthemvestigationsaand
work areneeded to beerformedin the future regardingwind flow speciications andhe setup
proceduregor theWDS facility, to reach its full potential

1.3Research djectives

The currentresearclprojectis plannedto beconductedat the nevly constructedVDS facility at
the University of Ottawa with the main objective obbtairing the wind-induced pressure
coefficientsdistribution onthe groundmountedsolar panels After obtaining theexperimental

results, they will beompared with a previolwexperimentaktudy(Samani, 2016conducted on a



similar solarpanelsandrack of similar characteristics; however, through a different windnel
facility called WindEEEDomeat Western UniversityThis will allow for a comparison of the two

facilities and provide a better understanding of the WDS.

Furthermore, Computation&luid Dynamics(CFD) analysis isalsoplannedto be conductedo
determine the wind flow characteristicshieh otherwise cannot be visualised during the
experiment The wind-induced pressure coefficient distribution on the solar pazedts flow

behavioumwill be determined from th€FD simulations.

Finally, thenumericalresults ardo be compared withthe meaurementobtained throughhe
experiment conducted in tR&DS facility. In addition,this CFD studywill allow for a better
interpretationand understanding othe pressure coefficient distributian the surfaces of the
panelsthrough the visualizationfothe fow behavior and will clarify the appropriateCFD
methodology to follow such as turbulenceodelsand solvers,for replicating the wind flow
conditions in thaVDS experimental facilityfor futureresearch studies

1.4 Scope otheresearch

Themodeltestedn the currenstudyconsists of two solar panetgroundmountedandsupported
by an aluminum frame with an inclination angle of 25°. The dimensitetsvo 985 mmx 1,960
mm panels with 0mmgap in betweeras shown ifrigurel.3 below. These configurations were
based orthe geometry of the solar panels usedhynani(2016 in a wind tunnel experimenfipr
comparison reasonandfor better evaluation of theesults obtained in the&/DS facility.
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Figure 1.3 Solar panelavith gap(dimensions in mm)

In the current researchd panelsarerepresented by twolgtesof plywood and the frame was
madeby usingP1000 aluminum Unistrut cross sea, constructedat theUniversity of Ottawa
laboratory. Six wind angles of incidence wested0°, 30°, 45°, 180°, 210°, and 225°) under 14
different wind speedsanging from 14 m/s toZm/s, with around2 m/s increments. The pressure
coefficient dstribution along the panels surfaégdetermined and analyzed

Moreover threedimensional CFD studiewere carried out usinggTAR-CCM+ software. The
solutiors were based on Large Eddy SimulatigbES) turbulence modelhowever at firstthe
ReynoldsAveraged NavieStokes(RANS) model was used until convergeneas attainegdto
obtainthe initial conditions for th& ES model.The resultsverethenanalyzed to understand the
pressure coefficieatdistribution andwere compared with the experimentaults. Gonclusions

weredrawn regarding the CFD methodology and\WWiBS facility functionality.

1.5Thesis layout

The main objectives and motivationstbé current researdre stated iChapter lalong with the
scope othereseach. It allows to obtain a general idea about tieisearclandcoversbriefly the

cases considered atlte researcimethodology.

7



Chapter 2rovides backgrounisiformationandtheliterature review on thgroundmounted solar
panelstopics, presentingprevious studies related toalong with the theory and formulas required
to determine the wind pressure coefficgamt the solar panels surfadealsoallows fora general
idea abouthe groundmounted solar panedudiesandprovides aroverview regarding the CFD

modelling approach that has bagsedpreviouslyfor wind effect onsolar panel studies

Chapter 3coves the experimental test setuplong with information about the neWDS
experimenthfacility at the University of OttawaTlhis chaptercoversthe experimental model
adopted in theurrentstudy, the dimensions arle wind angle of incidence cases that were

considered, along with the solaéinelsupport system constructed.

The results bthe laboratory experiments are analyzed, presented, and disou€segbter 4The
pressure coefficients valuasedetermined alonthepanel surfaces, and for each case a geaph
representatiowas created alontpreediff erent linesinlet-line, mid-line and dgeline. Contours
arecreatedfor the pressure coefficients distribution on thpper surface, lower surface, diod

the net pressure cdficients on the panelsThis allows for a better understanding of the tested
cases andlor a comprehensiveomparison withthe selectedcases from a previousind tunnel
study (Samani, 2016

Chapter 5focuses on the CFD simulatignsmethodology usedRANSLES), andthe pressre
coefficients results, along withtheir comparison with the experimental datar a better
understanding ofhe pressure coefficient distribution atitee CFD models associated witine
WDS facility.

Finally, Chapter 6contans discussiomand conclusions thateredrawn from the experimental
and numerical resultdimitations encountered in the currergsearch are also presented, along
with the ecommendations regarding future research especially for the wewilopedWDS

facility at the University of Ottawa.



Chapter 2 Literature Review

When windinduced damages on solar panels (PV) talkee,economicakonsequences can be
frustrating for the project investors and system designers economically and timely. Failures could
interryot the energy productionvould require repamentsor even in some cases redesigns and
installations of updated models. In order for the future generations to effectively rely on solar

energysystemsmore studies are needed.

2.1 Wind induced pressure orsolar panels

Unlike streamlined bodies, when a bluff body is subjectesirnad, a separation of the flow at the
leadingedge corners and a surface pressure on the bodypiake along with vortex generation
as shown irrigure2.1 (Holmes, 201k

Narrow wake

Stagnation point

Reattaching shear layers

m and vortex generation

Stagnation point

_

Figure 2.1 Steadylbw around streamline and bluff bo@flolmes, 2015)
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2.1.1Evaluation of wind-induced pressure
When wind sreamlines attach or detach from the surface of an object, these will induce positive
or negative pressur@e r n o ul | i(Bgs2.)edgsariaethe oetationship between the static

pressur@ (Pa) the dynamic pressurg(Pa)and the total pressute (Pa)(Holmes, 2015)

0 i wéei OdDEO (2.1)
wherethe dynamic pressungis a function of thevelocity b (m/s) andthe density” (kg/m®) as

follows:

n -"v (2.2)
Considering the static pressure dnéwindv el oci ty at the region out s

(reference point) a& andU respectivelythe following relationship can bestermined

~ ~
g g

O -"0 0

_) (2.3)
Rewriting Eq. 2.3leads to

O 0 -"0 U (2.4)

2.12 Pressurecoefficient

Due to difficulties inusingdifferentand numerous parameters associated thihvind pressure
measuremest it is preferable temploythe pressure coefficignd nondimensional parameter
for comparisons between different studies. The pressure coefficigntexpresses the
dimensionlesssurface pressuref dhe object, and can be obtained by the following equation
(Holmes, 2015)

5 — (2.5)

where P is the surface pressufe.positive C, means that the flow is directddwards the
considered surfacmducing positive pressurevhereas a negativepGignifiesthat theflow is

movingaway from the considred surfaceinducing suction
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For evaluating the winthduced effecon solar panelst is essential to determine the net pressure
coefficient €q.2.6), which can be obtained by simultaneously taking the difference ofdhsype
coefficient exerted on the upper surface of the panel and the pressure coefficient exerted on the
lower surface of the panel.

0 i 0 q 0 q (2.6)

2.13 Equivalent pressurecoefficient

The pressure coefficient is the ndimensionalcoefficient associated with thgressure for a
certain location (pressure tap) on the surfaceidver, the equivalent or ar@xeraged pressure
coefficient allows forthe determination of a single@ivalentpressurecoefficient value for the

entiremodel. This can be obtained by the following equation:
8y -—0A8 2.7)

with Ai being the tributary area of eaphessureap.

2.14 Referencepressure

To determine the pressure coefficient correctly, the reference pressure must be the one
corresponding to the static pressure of filned, which is not affected by the presence of the
structure being tested. In the case of a plenum, which is similar to the fa¢il§ testing
chambeythe plenum pressurei{own inFigure2.2) is often used as the referencegsure as long

as its value is identical to the stream static preqdidlenbach and Deutenbach, 199If there

is a difference between the stream static pressure and the plenum pressure due to blotlage or ot
reasonsthe reference pressure should be the one corresponding to the fluid dynamic equivalent
pressure. In addition, © avoid any risk of having the measured dynamic pressure affected or
altered by the blockage, one can determine the dynamic pressturately by obtainingnly the

nozzle pressure differené®ltllenbach and Deutenbach, 1991
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Figure 2.2 Wind tunnelkchematicllenbach and Deutenbach, 1991

2.2 Experimental investigations and solar panels

Throughout previougvestigationsit is common that experimental testing such as wind tunnel
experiments is preferred over fgitale outdoor testing due ime, cost and uncertainty reasons.
Nevertheless, wind tunnel can still be costly and conswigesficant amountf time to set up
and run customized tesWind tunnel testing is recommendid unusual shaped structures or in
the cases where the wind thag effects are critical such as for solar panel structivesta and
Coulbourne, 2010 Severalguidelines such aASCE 4912 (2013 exist to give guidance and
restrictions for wind tunel testingto satisfy certain criterjghence most grounemounted solar
systems studies are conducted on scaled models instead-s¢di@l specimens due to many

difficulties, and by using the ABL (Atmospheric Boundary Layer) wind tunnel method

2.2.1 Background of experimental investigations on solar panels

The first wind tunnelWas designed and buiit 1871by FrarcisH. Wenham, a council member of
the aeronatical society of Great Britainin order to understand wind effects on photovoltaic
panels wind has to be applied on the model, to replicatedb&doorwind conditions for design
purposes. From theind tunnelexperiment, thevind pressure coefficieatan be detenined at

certain locations on the panels, which will allow for better understgradiwind load distribution

12



and wind-induced effects on the structurethus leading to safer design codes and
recommendationsVind tunnel facilities allow for the replication of the wind conditiesimailar

to the natural wind, whether it ie wind profie, turbulence, owind velocity, depending on the
location andherequired modetestingspecifications|If the experimental conditions are proven
correct and adequate, wind het experiments are the only methibat gives the designers the
informationto implemeninto projects where the calculated critical load is in fact lower than
valuespecified inthedesign codeddowever, if the experimemonditionswould befaulty, using
the wind tunnel method will most likely increase the probability o¥ihg uncder-designed
structures that coulgad to potential failures. Hence, in order for designers to get credible results
from their experimersf they must meet cetin provisions and requirementghether it is related
to the instrument implemeattionor model configurationdepending on each case scendBianks,
2012.

Thenumber of studies conducted on randunted solar systems is much larger when compared
with the investigations fogroundmounted solar systems. Manyctars caninfluencethe wind
loads distribution anthe pressure coefficientglues on theurface of the solgrane| such ashe
scale factor, inclination anglevind speed and direction (wind angle iotidencg, geometry,
ground clearancegap dimenson, etc. Studies on groundounted solar panels are more
challengingo performsince they are usually located in the low region of the frictional inflyence
known as the atmospheric boundary layer due to the roughness of the terrain. The fligw in th
region is mae turbulent, which makes it modéficult to be simulated in the laborator&nother
reason that adds to the difficulty of conducting wind tunnel experiments on gnoounted solar
panels is that the scdtactor for grounemounted is recommendéo besmallin order to eliminate
potentialerrorsin the results. Model dimensisigan lead taan incorreciprediction of the wind
effects due to flow interferenosith the measuring devices, lopressure tapresolution and
difficulty for the flow torepresent the required turbulence for srsallle structures. So typically,
experimental groundhounted solar panels studie® a&onducted on largecalemodes, bigger
than what is normally used mostboundary layer wind tunnelsuch ad:500 tol1:100scale Aly

and Bitsuamlak, 2013
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2.2.2 Previousexperimental studies on ground mounted solar panels

Abiola-Ogedengbe (2013)onducted a study on a 1/10 scaled photovoltaic module (shown in
Figure2.3) in the Boundary Layer Wind Tunnel | (BLWTI). Two panel inclination aaghb°®

and 40°), and foudifferent wind anglsof attack(0°, 30°,150° and 180°) were considered. Results
lead to the conclusion that the criticahe uplift scenario occurred at the angles 150° and,180°
with the greatest uplift occurring at the leading edge of the module. Particle Image Velocimetry
(PIV) was used in the experiment for the 0° wamgyle of attackThepresence of thgap between

the 24 small panels(Figure 2.3) that constitutethe testedsdar panels led to a decreasethe
pressure coefficient (Cp) values for the ddfseand an increase of Cp fat80° case The Cp
distribution on the tested module was fotadbe symmetrical for the 0° and 1881gles of attack

and asymmetrical for the 30° and 15igles of attackRegarding the inclination angté the
panelsit was concluded that the 40° panel inclination angle led to a more critical wind effect than
the25° case Moreover a conclusion was made regarding thesgeffect on the wind flow, where

the wind wadlirected through the gapowardst h e p a n e |, fosthe@iwithcedirection e
The gaps led to a turbahce increasdlow acceleration and aritarnationof the surface pressure
distribution. The largest turbulence zone was observed at the downstream of the flow beyond the

trailing edge of the panel.

Figure 2.3 Photovoltaic scaled modu({@biola-Ogedengbe, 2013)

Aly and Bitsuamlak (202)3carried out wind effect investigations on groumdunted solar panels

with different model scalescale 1:5 mode shown inFigure2.4). It was concluded that for the

smaller scale tested modules, higher root mean square and peak pressures were observed. The
mean loads valgewere found not significantly affected by turbulepercept for thecase when

14



the models had @ery smallscale dueto the windspeeduncertainty caused kHyeing very close

to the ground

Figure 2.4 Groundmounted solar panel module, 1:5 scéidy and Bitsuamlak, 2033

Samani (2016ronducted an experimental study on -Rdhle solar panelsvith a 20mm gap
between themas shown inFigure 2.5, usingthe hexagonal wind tunnel, th&/indEEE Dome
facility from theWesten University, OntarioWind-induced pressure distribution was determined

on the panels with an inclination of 25° for &ind directions (10 intervals from 0° to 180° in
addition to45° and 135°) and the resporgehe solarpanel support racksasobtaned based on
theforce balance testélso, the solapanel suppontack was evaluated through a finite element
analysis andhedesign improvement for the supporting structure was proposed. It was found that
for 0° and 180° winddirections the system utkerwent the most critical positive and atge
pressure coefficientsespectivelywith a symmetrical distribution about the centerline. Z&em

gap presence between tthveo panelsaffect the Cp distribution by causing a decrease along the
direction ofthe flow. The euivalent pessure coefficient study concluded that the maximum
pressurenccurs for the 180° wind angle of incidence. For comparison and evaluation reasons of
the new WDS facility, the tested module of the present study is based on theddanfeame
materials, module geometry conditionad{ination angle, gap presence,.gthat are used by
Samani (2016)as detailedn the experimental procedure describe€Cimapter 3
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Figure 2.5 Testing module in WindEEBome(Samani, 2016)

2.3CFD investigations and solar panels

Computational Fluid Dynamics (CFD) can also be used to conduct studraad flow behaviour

andwind effects on solar panelk.is essential for CFD results to be compared with experimental

data to validate the simulation methodology implemented enGQRD. If the validation is not
performed the simulation results obtained from CFD d¢die incorrect andouldlead to serious

negative consequences; therefore, they are considered inadequate and have to be disregarded
(Banks, 2012).

2.3.1Background of CFD investigations on solar panels

Computational Fluid Dy a mi ¢ s , a fntr ans fAoderson,blB9)allowis fod t unn
scientistdo analyze and predict fluid flow situations bglving complex numerical equations. In

general, three principles govern the physical aspect @ OGF the mathematical equations
(Anderson, 1995)
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- Conservation of mass
- Newtonds Second xhaeleratioh)or ce = mass

- Conservation of energy

Through modern technology and powerful computers, this mathematical mottelingan be

used to solve complex fluid flow problems and predict airflow behavior isndffects on
structures Solving complex fluid flow problems manually e®nsidered impossible due to the
required manipulations (iterations) of extremely numedigiss, in the order othousandso even

millions (Anderson, 1996 Although CFD cannot be used solely as a mean to obtain critical results
for design purposes yat is a good tool to validate witthe wind tunnel resultfor predicing

wind flow behaviour and effects on specific structuAdso, studyng different preliminary design
approacheghat could potentially mitigate ¢ése wind effectscan be employed with the help of

CFD solutionsThe CFD approach is more ecanecal thanthewind tunnel tests and allows for

the testing of any scale, geometry or flow property; however, it is difficult to be validated since its
outcome is based on the usero6s adopted met hod
conditions,turbulence modejstc). In the future, with more research being conducted on,CFD

this could become an adequate and validated method to be used solely in designs with proper
designcodes and provisions. However, preserttig, CFD resultsnust be compackagainsthe

wind tunnel studiego be considered valuable and to be certain that the boundary conditions and

theparameters have been defined properly in the softvigaeks, 2012

There are guidelines and geometry reconaaéons to simulate a virtual wind tunnel in CFD;
however, the WDS facility is different than the typical wind tunnel, thusptieeious CFD
guidelines are noapplicable and customised conditions must be definedrderto obtain
adequate result3he canputational domain (geometrieshouldbe represented accuratelith

as much details as possible surrounding the region of interest. This also applies for the
computational grid (meshing), whetlee greatenumber of cellss used the more accurate the
results become; however, having numerous dellshe computational gricould lead to a
computationally prohibitive analysis. Hence, it is recommended to implement local mesh
refinement around regions of interest or regions that will most likely undeggoflaw properties
changes CaseyandWintergerste, 2000 COST Eranke et.al, 2007 a CFD practice guideline,

emphasizes on keeping the truncation errors small by having agsidatretching in the regions
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with expansion ratio value lower than 1.3. In addition, it is preferable to use hexahedral cells
instead of tetrahedral with a minimum of 10 cells per cube root of structures volume due to the

fact they allow for smaller trugation errors and better convergen€m(ke et al., 2007

Boundary conditions also play an important role in the accuracy of the results so they must be
properly definedor each CFD simulatiarRegarding the turbulenerodels, in typical ground
mounted solar panels studies the Large Eddy simulation (LES) model or the Rayatdged
NavierStokes (RANS) have been previously usBisiamlak et al., 201®Rly and Bitsuamlak,

2013 Jubayer and Hangan, 2Q18hademan et al., 20L4in general, LES is preferred when
calculating wind velocities and uplift pressure forces on stras Kim, 2014); however, it is
morecomputationallyand timeexpensive than the RANS approach. LES requires more grids and
more computing resources for calculations to provide efficient results when compared with the
RANS tuibulence modelRranke et al., 20Q7

2.3.2 Previous CFD studies on ground mounted solar panels

Bitsuamlak et al. (2010fonducted a CFD study on a groumounted solar panels under
Atmospheric Boundary Lay€ABL) flow conditions. The CFD results were compavéth the
results of greviousfull-scale experiment carried out at the Wall of Wind (WoW) testing facility
located at Florida International University (FIU). Two CFD techniquese implemented: the
ReynoldsAveraged NavieStokes (RANS) to determine the initial conditions to be used by Large
Eddy Simulation (LES), which is considered a maceuratéechniqueor highly turbulent flows

The case ol80° wind AOI induced thenostcritical wind loads on the solar panels. Although
some agreement was present between the CFD and experimentalitegagtéound that the LES
technique resulted in underestimated mean pressures when compared with -Hoaldull

measuremeni$igure2.6).
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Figure 2.6 Comparison between CFD and experimental results for 0° wind angle of inciditstea(nlak et al.,
2010

Aly and Bitsuamlak (204) conducted experimental and CFD studirshe grouneémounted solar

panel models$o investigate how the geometric model saafliencesthe pressure distribution. It

was concluded that thecale factodid not affet significantly the mean pressure coefficients.
However, the model size along with the inflow turbulence did alter the peak pressure coefficients.
It was also found that the CFD Large Eddy Simulations (LES) resultedény goodagreement

with the expemental resultsas can be seen igure2.7.
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Figure 2.7 Mean pressure coefficienddong the midine of the pane{Aly and Bitsuamlak, 2G4

Jubayer and Hangan (20JeHnducted a CFD study that investightiee wind load and flow field
features for a grounthounted stand@dlone panel systenmmersed in Atmospheric Boundary
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Layer (ABL) for different wind diretions using Unsteady Reynoldéveraged NaviefStokes
(URANS) simulationsThe gstem had a 25° inclination angle, ahdwind AOI rangedfrom 0°

to 1809 at 45° intervals. The CFD results wea@mparedagainst the wind tunnel measurements
obtained byAbiola-Ogedengbe (2013nd a 46% agreement was conclufmmparison for the
180° AQOI cases shown iRigure 2.8). Maximum overturning moment occurred for the 45° and

135° whereas the maximum critical uplgtessure was noticed for the 180° wind AOI.

Present Study - CFD (Upper surface)
----- Present Study - CFD (Lower surface)
O Abiola-Ogedengbe (2013) - Experiment (Upper surface)

O Abiola-Ogedengbe (2013) - Experiment (Lower surface)
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Figure 2.8 Mean Cp profiles along the midhe of the panel surfaces comparis@ubayer and Hangan, 2014)

Shademan et al. (2014arried out CFD simulations of wind loading on groundunted solar
panels at different flow configurations. The analysis, on a saéorte solar panel consisting of

four individual panels in a 2x2 arrangemdrigure 2.9), was done by using steady three
dimensional RANS simulations, and the results of several flow parameters were compared with
the experimental date&Erom this study,tiwas concluded that the maximum wind induced loads
occured for the wind angles of attack of 0° and 180°. In addition, the gap spzetingen the
panelswvas found to create regions that undemtlarge windloading andcontributed to formation

and shedding of additional vortices. Also¢reasingthe ground @arance led to an increase in
mean wind loaslon the panels.

20



180
150

— 120

20

60

0

30
%\d direction

Figure 2.9 Solar panels 2x2 arrangement with wind direction ang@safleman et al., 2014

Aly and Bresowar(2016) investigated the model scale atiek inflow effects on the pressure
distribution for grounemounted solar panels. High similarity of mean and peak pressure
distribution through CFD (LES model) was obserweten caonpared with experimental results.
Lack of largescale turbulencen the wind tunnel experiment led tower pressure results than
thoseobtained through CFD LES model for panels at scales ranging from 1:10 to 1:50. A three
seconds data analysis approacls weesented in this investigatiomhich serves for consistency

in peak wind pressure estimatioas shown inFigure2.10.
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Figure 2.10 Experimental and CFD normal force coefficiembmparisorfAly and Bresowar2016)
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2.4Design giidelines andfor solar panels

The focus of designers and researchéias beenshifted more towards the roghounted solar
systems for several reasphe main reason ithat they are often located near residenaies (
buildings), hence resulting in higher danger and risk to humarhifie grounemounted solar
systems As mentioned previously, there aseveraldesignguidelines for roeimounted solar
panels.In the Structural Commentaries (2018f) National Building Code of Canad@®15 Part 4
Division B, the commentary | containgind loadng designrequirements for roefnounted solar
arrays limited to only flat modules andnels with a natural frequency higher than 10, tézavoid
wind-induced vibrations(Paragraps 53 and 54 of Commentary ). The following are the
conditions that have to be &t the designerm order to be able to useetprocedurdocatedin

paragrapltb7:

- Enclosedand partiallyenclosedstructures

- Low slopped roofs (flat or gable or hip with slop&®) buildings with any height

- hxheightofthes pper edge of a panel above the roof
- ha height of the | ower edge of a panel abo

- Ly Length of the panel chord 02.0 m

It is mentioned that wind uplift forces on the panels get stronger with the increase of height or
length of thepanels. Same occurs with the presence of parapets on the roof and building sizes
(Paragraph 57Commentary,IStructural Commentaries 2015)

Pressure equalization factor can be included in the calculatiom wiilichelp reducing the wind

loads. This case is valid for panels thatlarew enough (1l ess than 250 mn
surface) and contain a minimum gap of 6 mm between pdaeksvery 2 m or more along a row

and between each row of the solaiag. The pressure equalization factor is directly dependent on

the tributary area (Figure@ in Commentary |); the larger the tributary area, the lower the solar

array pressure equalization factor leading to a lower design windlifoaddition,the loation of

the panel also affects the wind lgdgence inFigure F8 of the Commentaryl roof zones are

illustrated since for each roof zone the pressure gust coefficient is diffdfelge exposure

conditions for the panels can worsen the wind efféiogeseforean Edge factor should be included

in the calculationso increase the wind load value where applicable suébr éise panels located
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around the edge of the roof or solar array (ParagraphofSs€ommentary | Structural

Commentaries 2015)

Prior to the development of design provisions for imaiunted solar systems, the components and
cladding provisions were used to obtain the design wind pressure on the solar panels, which most
likely resulted in ovedesigns due to the absence of pressure equalization f@Ctonsand Banks,

2016) In addition to theStructural Commentarig2015) procedure, thé&tructural Engineering
Assocation of California (SEAOQ publ i shed t he i WiPnotile Slars i g n
Photovoltaic Arr ay$PV2@0old. FHisadbcuniRmt s frefedreth oyathee r (
Structural Commeaties (2015) procedure in cases where the roofs are not rectangular, and
guidance is needed to determine roof zon€he ASCE716 included the SEAOQV2-2012

method with some modificationshe operbuildings method may be usedstandalone ground
mounted solar systemisowever there are no specific provisioASCE7-16 alsoprovidesdesign
provisionsfor panels parallel to pitched roots,n o wn a-so Ui i tha érdadiscussecnd

for which recommendations are providedthe lates SEAOCAWInd Designfor SolarAr r ay s 0
PV2-2017paper.The ASCE716 developechew geometricegulationssuch as the minimum gap

of 0.25inchesbetween panels for pressure equalizatwmch increases the safety for the flush
mount solar arrays on residential buildings and predicts wind load more adedCatielyand

Banks, 2016)

From the literature rewe presented above, it can be concluded that a clear lack of wind design
guidelines for the application of growmdounted solar panels is present. Thus, the current
researchcarried ouin the WDS facility,will treat the windinduced pressure coefficierdtong

the upper and lower surfaces of groundunted solar pangand will estimate the critical cases

for which the effects will be the modbominant
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Chapter 3 Experimental Test Setup

3.1 Wind-induced Damage Simulator Facility

Most of the wind tunnels used replicate wind flow are limited to lotw mediumwind velocity.
However, with the current climate change and the increase of wind spesgadty it is important

to replicate higher wind speeds and wind induced pressures in order to understarevand pr
structuraldamages caused by wind hazards such as tornados and hurricanes.

Themulti-hazards research tedrom the University of Ottawand Carleton Universitiuilt the
Wind-damage Simulator (WDSh steel box formeaf plate reinforced with HSS mabers
Through combining wind tunnel techniques with the mechanicdiftupghamberconceptsthe

WDS facility is able to simulate fulicale winds for close to reaiindstormcondtions on fult

scale structured.imitations often occur when laboratory abtions prevent replicating the actual
physical phenomena encountered in nature; howthaWyDS is capable of simulating high wind
speedsenteringthe boxthrough thelateral inlets (Figure 3.1, Figure 3.2), which are directed
upwards to the center of tleeiling throughthe suction created by thiedustrialblower (Figure

3.1, Figure3.3), thusinducing upliftforceson the tested model$his is combind with the effect

of the incoming wind speed released from several latelets thatwill alternate such that the
desired level of turbulence and gustiness can be obtained along the sides of the investigated model.
It has a wide variety of usage purpgseach as understanding wind behavior doctes
distribution around surfaces, visualizing failure mechanism of structural components, verifying
structural integrity of investigatedesignmodels,and recommending the necessary updates for

thedesign codeprovisions.
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Figure 3.2 WDSfacility with front inlets
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Figure 3.3 WDSindustrial blower

The geometry dimensions of thi¢DS facility (shown inFigure3.1, Figure3.2) are as following:

3.65m widthx 3.65m lengthx 3m heightsteelbox

300mmdiamete outlet at the center of theeiling

- 5-200mmdiameter inlets on each lateral w@linletsat 250 mm circle center height and
linletat 950 mm circle center height)

- 6.35mm steel plate reinforced with HSS members

- 6 windows for observation

- Steel plate wh threaded holes at the bottom

As mentoned previouslytheWDS s still newly developea@nd wrther studies shall be conducted
regarding thavind flow behaviorfor different setups (inlet openings) and the turbulence details
insidethe facility. The heiglts of the inlets may differ in the future, depending on the floor base
inside the WDSCurrently,this laboratory is used to test wind pressure distribution on ground
mounted solar panels and certify for different effects induced by higlwind velocities The
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current experiment is the first experiment conductedenMb Sfacility, hence, many difficulties
are still to be solvewhile further researcks plannedn order to allow for full understanding of

the WDS facility in orderto reach its full poterml.

3.2 Testing modeland dimensions

The solar panels dimensions considered endirrentstudy are obtained fro®amani(2016 for

comparison reasons. In this study, t9&b mm x 1,960 mm pieces ofplywood with a thickness

of 12.7 mm wereusal to represent the solar panéldl-scale model)The surface was smoothed

in order to avoid any possible effects on the results due to module surface roughi28ssm

gap was also adopted between the two pasgtslar to Samani(2016) along with the
inclination angle of 25°Theheight of the lower edge of tliest panel above the ground is around

106 mm whereas the heighf the upper edge of the second paimive the ground 47 mm.

The standalonesolar framewas constructecht theUniversity of Ottawalab, using theunistrut

P1000 aluminunmaterial with thecrosssectionas presenteith Figure3.4.
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Figure 3.4 P1000 crosssection (Retrieved from: https://www.unistrutohio.com/p1000)

Theplan and section viewf the framethat supports the solar panatsa 25° inclination anglis

representedn Figure3.5, which issimilar to the one uskeby Samani(2016)
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Figure 3.5 Solarsupportplan and section view (modified frddamani2016)
3.3 Test procedure and instrumentation

To condutthe experimenthetwo plywood piecesrepresenting th&ull-scalesolar panelswere
attached tdghe frameand placednside the WDSThe location of the solar panels was chosen in
the middle of the facilitysuch as theentroid of the panet® be Iacated at the center of the WDS.
Wind speedvas appliean the modefrom several directionhrough twomid-inlets For different
wind direction cases, the panels were rotated for each desiredwahidggekeeping its centroid in
the saméocation to fornthe wind angle of incidence required with respect to the infetaccess
the inside of th&VDS facility, the box iscarefullylifted by the crane andt is placedaway from

the panelsBy closing the inlets and leaviranly two of themopen,the windis directed towards
the panels through suction that is applied by the blawtre outlelocated at theniddle of the
ceiling ofthe WDS facility, asshown inFigure3.6.
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Figure 3.6 WDS outlet shown from the insidethe facility

The following six angles of incidence were conducted in this study: 0°, 30°, 45°, 180°, 210°, and
225° as shown inFigure 3.7. The appliedwind speeds ranged from 14 m/s @ /s with an

approximag¢ 2 m/s increment.
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Figure 3.7 Wind angls of incidence with regard® the solar panels

DSA 3017 Scanivalve scanners were used to measure présdther.exporting the data, each
DSA 3017 Scanivalvescanner had sixteen columns of recorded pressure values that correspond to
each port that represem specific pressure tap located on the panel surfatesidition, the
Aeroprobe sensor and the Pitot tube were connected to the scarth@rsrarused for the inket

and plenum measurements.total, for each of the six wind angles of incidence, about 12,600 to
14,000 reading®ereobtained from each scanner. A total of sepessurescanners was required

for the experimentwhile each scamer allows forsixteentubes that were connectedtoth@ ne | s 6
surfacesto the Aero-probeor to the Rtot tube. Since the pressure inside the box is negative due
to suction, the reference pressure was placed outside the box, which will allow the stanners

measure the pressure difference between the surface location and outside of the box. This increased

30



the accuracy of the scanners due to the fact that they operate more precisely for higher pressure

differencevalues.

The following is the procedudopedto conduct the experiment:

1) Set up theequiredequipmentind test module

2) Adjust the pnek direction

- 3) Connect the scanners to the computer through the Ethernet Network Cable

- 4) Checkall the scannerareturned on andomputerconnections aproperly functioning

- 5) Lift the box and place itarefullyover the panels using the crane (showRigure3.8)

- 6) Openthe required inlets for thease and launch the Scanivalve software

- 7) Apply the quickzero calibratio(CALZ) setting toall the scanners prior to starting the
experimen{as recommended by Scanivalve Corp.)

- 8) Set the requirednit (Pa) average (25and frames per scan QDQ)in the settings

- 9) Turn on the bloweand start the connection vBduetooth

- 10) Set the requirednotor speed impm

- 11) Check that the velocity applied is correct through the readings, and keep running the
rpm for 10 minutes before starting to record the data to allow the flow to settle

- 12) Record about 90@,000 frames

- 13) Save thdiles in their corresponding folders

- 14) For the next wind speed, repeat stéfsto 13)

- 15) For the next wind AOI, repeat stepsto 14)
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Figure 3.8 Boxlifted over the panelby the crand45° AOI case)

It is important to emphasize on tliguick zero calibratiod (step7), which makes themall
necessary corrections to ensure the accuracy of the skrsbt. and inlet 2 were used for the 0°,

30°, and 45° angteof incidence(AOl), whereas inlet 3 andhliet 4 were used for the 180°, 210°

and 225; where thenlets numberingis shown in Figure3.9. The six angle®f incidencewere
chosento minimize the crane usage as much as possibléelp reduce air leakage due te re
sealingof the edges and perimeter of the b&rr examplefor the 0° wind angle of incidence

case, inlet 1 and inlet 2 are open and the rest of the inlets are closed; and by simply closing inlet 1
and 2 and opening inlet 3 and inletthewind direction condibns forthe 180° wind angle of
incidence cas&vere created Similarly, the same reasonimgas followedfor the 30° and 210°

cases, along with the 45° and 225° cases.
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Inlet 3

Inlet 1 Inlet 4

Inlet 2

Figure 3.9 Schematic of the WDS witlapels

To measure thaveragepressurecoefficient distribution on the panels48 pressure taps were
located and drilled oeachpanel surface, as shownkigure3.10. The readings wetbenobtained
by connecting Vinyl pessure tues of a diameter of .am from eachdrilled locationto the
DSA3017 Scanivalvecannersvhich themselvewereconnected to the computdfor each wind
angle of incidenc€AQOl), about 9061,000 values were recordeder the duration of each wind
speed5 minutes) The values were thexxtractedand analyzed in order tteterminethe average
pressureoefficientvalue
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Figure 3.10 Pressure taps distribution on panels surfadimmensions in mm)

Different pro@dures may result in differemind-inducedpressuresoefficientsCp. In order to
determine thevind-inducedpressure coefficient Cfieq. 2.5), the reference pressure and the
dynamic pressuréeqg. 2.2) must be accurately determindthe velocity of the inlet was
considered as the reference velocity used in the pressure coefficient calcuRitairisbe and

the Aero-probesensomwere used to obtain measurements at the inlets for each case thtoughou
the experimentThis allowedto make sure that the stream static pressudeigical to the

plenum pressure, along with determining the right velocity magnitudeghthe pressure

differencemethod as proposed bWltllenbach and Deutenba¢h991)
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Equation(3.1) can be usetb determine theurfacetime history pressure coefficier@p(t),
whichwas theraveragedn order to obtain the mean pressure coefficient values for each

consideredcase
0O 0 —— (3.1)

The reference velocity was considered at the inlet of the VdBifty. It should be noted that the
velocity approaching the panelsightly smallerbecauset decreaseslightly with the distance

from the inlet; howeversince it can be affected by the presence of the ghlwlkage effects),

this will unintentionally lead terrors in thedynamic pressure, hence it cannot be used in the
calculations. Br the consistencwith the otherinvestigatel cases (30°, 45°, 180°,210° and 225°)
andfor resultscomparison purposes, the inlet velocity is used as the reference velocity in the Cp

calculation.
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Chapter 4 Experimental Results

4.1 Introduction

In the current chaptethe results obtained from thmeasurements during the experiments are
presented andrganized according to the wiradgle of incidence (AOI). Six different wind AOI

were considered: 0°, 30°, 45°, 180°, 210°, and 2BBfu¢e3.7) along with fourteen wind speeds
ranging from 14 m/s to2m/s in increments chround2 m/s. In total84test cases were conducted

and recorded. The tirreveraged pressuoeefficients were determinddr the upper surface and

the lower surface of thiestedpanels as per thegressue taps distribution shown irigure3.10,

which wereusedto determine the net pressure coefficiéliinet TO understand theariation of

wind pressure coefficiestat representative locations on the panelgphs representing eh
pressure coefficieatalong three lines were determined and plofimdthe upper and lower
surfaces of the panel§he lines deemectitical were considered as foll@vthep a n enld-Ené
crossing the midd]Iteepain dreldadg thealineetibnsobthesnl€inlét-a c e s
line), and thep a n dirle alangthe edgeddgeline), as schematically representedrigure4.1.

The 0° and 180° wind AOI cases were used to determine the figures for thehHaesntous
representing the pressure coefficient distribution along the test model were determined and
discussed for all the six wind angles of incidence (ranging from 0° to 225°). The results were
normalized to the unit width of the panels for comparison reasahwene plotted for the mie

line, inletline and edgdine of the pandl It is important to note that the first panel ends at+/B
0.495, followed by the 20mm gaand the second panethich starts ab/B =0.51 and ends at

b/B = 1.0, where B is the totawidth alongthe paneb axis of both panels combined, 920 mm)

and b is the distance where the particular reading was obtained, as shoguréd.1 below.
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Figure 4.1 Model canfiguration of the panels with pressure taps showing different lines and the corresponding
locations

4.2 Wind-induced pressure coefficients for the 0° angle of incidence

The pressure coefficiefior the solar panels subjected to incoming wind flowdafOI (Figure

4.2) wereobtained for several wind speeds, ranging from 14.76 m/s to 41.40 m/s. The pressure
was measured for the upper and lower surfaces of the solar panels, and the resgitsupere

into three wind speedages, fo which similarities could be noticed in the distribution:

Range 1: 14.76 m/s to 22.79 m/s
Range 2: 24.77 to 31.13 m/s
Range 3: 33.15t0 41.40 m/s

As mentioned previously, the values of the mean pressure coefficient of the upper and lower
surfaces oftie panels were obtained, and the mean net pressure coefficient was determined by

subtracting the lower from the upper mean pressure coeffident2.§ for eachAOI case. A
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positive pressure coefficient signifies that the dvis directed towards the corresponding sutface

while anegative pressure coefficient signifies that the wind is directed away from that surface.

Inlet 2

| _ Inlet 1
\

Figure 4.2 Inside view of the WDS with panels ins{@& wind angle of incidence)

4.2.1 Pressure coefficients along the milihe of the solar paneldor 0° AOI

The pressure coefficiensdongthe midline of the panelsaredeterminedor the upper surfase
andlower surface of the panelsand based on thesneasurements, the net pressure coeffgient
areobtainedResults are presented and discussed below.

42.1.1Cp al o n gppg surfaed nedihe u

The pressure coefficients registered along thelmelof thep a n eipper urfacefor range 1
wind speeds,are represented iRigure 4.3. It was noticed that the pressure coefficients on the
upper surface dhe first panetiecreasggradually along the mitine, reaching negative Cp values
(suctior) at b/B = 0.4.An abrupt increasof Cp folloned when approaching theOmm gap
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between thewo panels(at b/B = 0.4), which could be caused by the separation and flow
impinging on the edge of thast panelor the outleteffectlocatedat the middleof the WDS.

Along the midline of the upper surface dhe second panethe pressure coefficients decrehise
gradually until it experienaksuctionat halfway of the midine (b/B = 0.7) Afterwardsthe

pressure coefficients increas® their maximum positive value followed by a decreasiegd

until suction is reached when approaching the edge o$ebendpanel(Figure4.3). This Cp

alternation signifies the possibility of swirls formation aswvived flowhi t s t he panel so

The upper surface pressure dméénts along the midine for wind speeds range 2 and range 3 are
represented iRigure4.4 andFigure4.5, respectively. It was noticed that for most of the high wind
speeds the pressure coefficient onftfet panelupper surface started by positive values followed
by a decrease along the niide until b/B = 0.2 thenby an increase at % of the mide. Instead

of a sudden increase when approaching the gap betweemdaipanels the pressure coefficién
decreasa, and the suction occred on both panelswhich is different tharthe Cp evolution
observed for the velocities in rang€Figure4.3). This could be due to trstrongeroutletsuction

for higher wind speeds forcing mowend flow to move away from the miine of the second
pane] towards the outlet, causing a negative pressure near thilgagmver wind passing below
the panel coulthavebeen redirected upward through g@mmgapbetween the panell can be
noticedthat for the high wind speedsafge 3Figure4.5), the upper surface mithe registered
positive pressureoefficientsalongthe first panelexcept fothe regiorapproaching the gawhile

for the second panel tiseiction (negtive pressureoefficienty dominated the midine

Upper surface midine
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Figure 4.3 Cp variation along the upper surface iide (wind speedange 1, 0° AOI)
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Figure 4.4 Cp variation along the upper surface rdide (wind speedange 2, 0° AOI)
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Figure 4.5 Cp variation along the upper surface rlide (wind speedange 3, 0° AOI)

42.1.2Cp al o n gowg suriaed nedibe |

The pressure coefficientalong the midline situated on théower surface of the panelare
analyzed for wind speed raegy1 ,2, and 3andareplotted inFigure4.6, Figure4.7, andFigure
4.8, respectively. Th&p distributionalongthe midline showed more similarities for the lower
surfacefor different wind speedsvhen compared with the Cp on the upper surfacelimead It
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was noticedhat, for most wind speed#he pressureoefficientson the first panelverenegative

at thebeginningof the panebnd they increaskand beame positivewhenthey reackd halfway

of the midline, only to decreasagain at b/B 9.4 When the midine approached the gap between
the panels (at/B = 047), the Cp increasedheaning that th&ind flow wasdirected upwarsl
through the gapsince thiswasmeasurean the lower surface mitine. Alongthe second panel
near the gapthe Cp along the mitine stared by a negative value followed by &nall increase

until reaching b/B = 0.7after whichit stareddecreasingendingto a negativeCp valuenear the
leewardedgeof the second panelue to thdlow detachmentForwind speed ofrange 1(Figure

4.6) andrange3 (Figure4.8), it can be observed that the highest suction (negative Cp) along the
lower surface midine occuredat theendof the second panelvhereas fomost ofrange2 wind

speeds, the highest suctitmok place at the beginning the first pane(Figure4.7).

Lower surface midine
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Figure 4.6 Cp variation along the lower surface mlide (wind speedange 1, 0° AOI)

41



Lower surface miine
0.15

e e A A

~
o 0 - \
O 7 \
-0.05 \O‘.
-0.1
-0.15
-0.2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
b/B
——24.77 m/s —@—26.99 m/s 29.06 m/s 31.13 m/s

Figure 4.7 Cp variation along the lower surface mlghe (wind speedange 2, 0° AOI)
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Figure 4.8 Cp variation along the lower surface mlide (wind speedange 3, 0° AOI)

42.1.3Cpetal 0o n g rmicglinee | s 6

The pressre coefficients acting on bagtbpper and lower surfaces of the panelsre summed
algebraically for determining the overall (net) pressure coefficient for the respective phueels.
netpressure coefficierdlong themid-line, presented irigure4.9, Figure4.10 andFigure4.11,
were obtained by subtracting the lowsurfacepressure coefficieatfrom the upper pressure
coefficiens for each wind speed. THest panelundewent postive net pressurecoefficients
(Cpney) at thewindward edgefollowed by a decrease of pressaoefficiens until it reachd uplift

at halfway of the midine. Along thesecond paneCphetincreased tgositivevaluesat b/B =0.6
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for speeds belo®2.79m/s,whereas the Gprremained in the negative ranige the higher speeds
from 22.79 m/s to 41.40 m/s. It can be concluded that for speeds in rélfigeire4.9), thefirst
panelunderventa positive increasg Cpnet, thusdiminishingthe uplift when approaching thep
edge,near the20mmagapat b/B = 0.47 whereas for the speed ranges 2 ar{#igure4.10 and
Figure4.11, respectively)a significant decrease in pressure (strorsgetion)wasnoticed. For
wind speed betweenl4.76 m/sand 26.99 m/s, the net pressure coefficient along theliméd
decrease on thesecond panekhen approaching the eddemet remainedoositive for 14.76n/s
to 20.72 m/s, andnderwentsuction for22.79m/sto 26.99 m/sHowever, forthe wind speeds
ranging from 29.06 m/s to 41.40 mike second pan&assubjected ta significant increase of
net pressure coefficienteaching a positive Gg at theleewardedge.Along the midline, the
20mmgapdid not have significant effects on the net pressure coefficients at the end of the first
panel and beginning of the second panel.
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Figure 4.9 Net Cp variation along the milihe (wind speedange 1, 0° AQ
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Figure 4.10 Net Cp variation along the milihe (wind speedange 2, 0° AOI)
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Figure 4.11 Net Cp variation along the milihe (wind speedange 3, 0° AOI)

4.2.2 Pressure coefficients along the inkihe of the solar paneldor 0° AOI
The pressure coefficients along the line facing the mnletletermined angresented belovior
different wind speeds. It is important to note teaén if both inlets weractive for the 0° wind

AOlI, the Cp data only foone of thanlet-line data isreporteddue to symmetry.

422.1Cp al o n gppegr surfaed irdebne u
The upper surface pressure coefficiamtgisteredalong the inlefine for wind speeds range 1, 2

and 3 are represented fiigure4.12, Figure4.13 andFigure4.14, respectively. It was noticefdr
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the first panethat formost ofthe low speeds (range Bigure4.12), the pressure coefficiemtas
positive at the point of contact, decreased to negative at b/B = 0.1glkvded anincreasing
trend until reaching b/B = 0.3 (597 mm along ithlet-line), thenthis stareddecreasingWhereas
for the higher windspeedsCp ceasd to increase at b/B = 0.2 (398 mmay shown irfrigure4.12.
Forthe wind speeds theranges 2 and 3, the upper surface inlete of thetwo panelsvasmostly
subjected tauplift, with its maximummagnitudeoccuring at b/B = 0.4 (796nm along the line).
For the range 1 wind speedke first panelreache its maximum positive pressure coefficient
value at b/B = 0.3only to follow a decreasing trenaiith negative Cp (suction) ung@round 200
mm from the edgefdhe second panelfhere it increasito a positive Cp then decreddewards
theleewardedge. The 20mm gap had a similar effect on the Cp behavior for all the wind speeds
where the inletine of the first panehear the gaphad an increase of Cp andd&crease after the
gap onthe second panefFor speed ranges 2 andt3gan be observed thalong the inlefine of
thep a n eipper durface pressurecoefficientsweredominated by suction (negative pressure)
when compared with speeds of range/liere the first paneéxperiencednostly positive pressure
until approaching the gap; this could be attributed to the suction capacityiDiSeutlet being
stronger for highewind speeds selected
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Figure 4.12 Cp variation along the upper surface inlete (wind speedange 1, 0° AOI)
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Figure 4.13 Cp variation along the upper surface inlete (wind speedange 2, 0° AOI)
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Figure 4.14 Cp variation along the upper surface inlete (wind speedange 3, 0° AOI)
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The pressure coefficients for the inlete situated on the lower surfaeee shown irFigure4.15,
Figure4.16 andFigure4.17, wherea goodagreementvas noticecetween most of speed ranges.
The Cp stagdat negativevalueson the lower surface inkdine only for the first rang of speeds
(14.76 m/s to 22.79 misyvhereas for thetherwind speedangesit was positive. Cp stared
increasing until reachg the maximum positivealueat b/B = 0.3(597 mm along thélet-line)

on the first panefor thewind speedanges 1 and ZAFigure4.15, Figure4.16), except for the 14.76
m/s wind spe&where similarly to therange 3wind speedgFigure4.17), the maximunpositive

Cp valueswereattained prior to the edgof thesecond panegfat b/B = 0.9) When approaching
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the 20mm gap, the Cp on thérst paneldecreased antbr the second paneCp followed a
decreasing then increasing tremeacept for thewvind speed29.06m/s to 41.41 m/swhereCp
increasd then decease. Theinlet-line Cp along thelower surfaceof the second panel was
negative up to halfway of the pandhereafterit followed an increase to positive trend, and
decreased wheapproaching théeewardedge(b/B = 0.97)for all the wind speedsAlong the
lower surface inletine, for all the speed rangeke first panelindewentmostly positive pressure

until approaching theOmmgap where it staed decreasing to negatiwalues
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Figure 4.15 Cp \ariation along the lower surface inkine (wind speedange 1, 0° AOI)
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Figure 4.16 Cp variation along the lower surface inlite (wind speedange 2, 0° AOI)
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Figure 4.17 Cp variation along the lower surface inlgte (wind speedange 3, 0° AOI)
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The net pressure coefficients along thiet-line are represented iRigure4.18, Figure4.19 and
Figure4.20for the speed ranges 1, 2, andespectively. Through interpreting the results, it can
be concluded thanost ofthe first panelwas suljectedto suction (negative Gg) for thewind
speed d range 2, whereas fonost ofthe other wind spees] Cpnet began with positive values,
followed by a decreasing trendnd remainingin the negative regiorOnly for the lowesttwo
speeds (14.76 m/s and 16.56 m/s) an increase to pdSjivevalues waobservedon the first
panelwhen approaching the géetween the panel¥he highest uplift was observettdB = 0.4
(796 mm along the first panel), for all the wind speeds exXoeptind speeds below 18.67 m/s,
where it occurred at halfway of the secquahel, at b/B = 0.8Figure4.18). It can be concluded
thatthe second panelassubjectednostlyto negative pressurexcept when speed ranges from
14.76 m/s to 20.72 m/she Cpet registeredpositive values immediatelafter thegap on the
second panefb/B = 0.8) andthenthis decrease to negativevalues. Howeverat b/B = 0.7
(halfway of thesecondpanel inletline), the Cpet increasd to positive or neawizero, then
immediatelydecrease furthermorefor thewind speed rangs 2 and 3.The largest suction Gg
value occurred on the second panel at b/B = 0.8 for wind speeds below 18.6goms4.18),
andfor the otherwind speeds, the highegplift Cpnet value occured on the first panelat b/B
value of 0.4) before approaching tB@émmagap (b/B = 0.47) For most ofthe wind speeds, the

20mmgap between the panels affected the net pressure coefficients values, where the magnitude
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of suction decreased on the end of the first paAeCFD study wasperformed forbetter
understanding #1Cp fluctuations andhe wind behavior around the two solar panelsd the

results wer@resented ilChapter 5
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Figure 4.18 Net Cp variatbn along the inletine (wind speedange 1, 0° AOI)
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Figure 4.19 Net Cp variation along the inldine (wind speedange 2, 0° AOI)
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Figure 4.20 Net Cp varidion along the inletine (wind speedange 3, 0° AOI)

4.2.3 Pressure coefficients along the edgjee of the solar paneldor 0° AOI
Along the edgdine of the tested panels, the pressure coefficientdeterminedor all the wind

speeds andrepreseted below.

423.1Cp al o n gppgr surfaed edgéne u

In Figure4.21, Figure4.22 andFigure4.23, the pressure coefficients along the upper surface edge
line are plotted fothe wind speed ranges 1, 2, and 3 respectively. Sintriéards for the pressure
coefficientswere noticed for the speed ranges 2 and 3 (24.77 m/s to 41.41whis)e the Cp
staredwith a negative value along tfiest pane] following a decreasing trendéeh increasing at
halfway of the panel until it reacti@ positive valuer near Gon the second panel, aftee20mm
gap(atb/B = 0.53), as it can be observedrigure4.22, andFigure4.23. After the gapthe Cp
distribution on thesecond panekegistereduplift (negativevalueg along theentireedgeline and
decreasgwhen approaching tHeeward edge of th@econdpanel The edgdine of the first panel
was subjected to the highest suction Cp valugjratdhalfwayof the line for the wind speed
ranges 2 and 3-or the wind speeds of ranggHigure4.21), the Cp distribution stagtl with a
positive valuefor the first panelfollowed by a decrease then an increasaching consint
positive valug at b/B = 0.25 and 0.35. When approaching the(gép = 0.47) Cp decreasdto

the highestsuction valueoccurringalong theupperedge of the first panel, then incredslong
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the beginningof thesecond panelntil it reaché a posiive value at b/B = 0.65 (289 mm along
thesecond pangl Afterwards,Cp valuesdecreasgto negativeat b/B = 0.85until it reaché the
edge of thesecond paneWherethe Cpvalue increased arte@amepositive.
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Figure 4.21 Cp variation along the upper surface edge (wind speedange 1, 0° AOI)
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Figure 4.22 Cp variation along the upper surface edge (wind speedange 2, 0° AOI)
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Figure 4.23 Cp variation along the upper surface edge (wind speedange 3, 0° AOI)
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Thepressure coefficient@longthe edgdine lower surface are represented-igure4.24, Figure
4.25andFigure4.26 for thewind speed ranges 2, and 3 respectivelyThe Cpregisteregositive
values for all the speethngesalong thebottom edge of thérst pane] followed bya decreasing
trend then increasd at halfway of thdirst panel lower surfaceatb/B =0.25. The Cpstayedin
the positive range for most of the caseseptfor wind velocities below 20.72 & At b/B = 0.35,
it decrease until reaching a negative value for madtthe investigatedcasesin the vicinity of
the gap aroundo/B = 0.5, the Cp values incredssdightly on thefirst paneland decreaskon the
second panelThelower surface of thsecond panelvas subjectednostlyto positive pressure
coefficientsalong the edgéine where itevolvedto negativevaluesat b/B 0.85thenit increasd
near thetop edge of the panelhe highest Cp magnituddong the edgdéine was positive, and
occured on the lower edge of the first panel for wind speeds of rarfgg@€4.25), and around
halfway of the second panel for wind speeds of ranges 1 aRty3r€ 4.24 and Figure 4.26,

respectively).
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Figure 4.24 Cp variation along the lower surface edbee (wind speedange 1, 0° AQI)
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Figure 4.26 Cp variation along the lower surface edlee (wind speedange 3, 0° AQI)
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For the three wind speed ranges examineelnét pressure coefficientalongthe edgdine are
plotted inFigure4.27, Figure4.28, andFigure4.29. For all the tested wind spds, th@etpressure
coefficiens stared with negativevalues(suction) for thefirst paneland increased t@ositive
valuesafter the gagb/B = 0.53) Forthewind speed ranges 2 and 3 (24.77 m/s to 41.40, @[
had similar ehavior Theedgeline along both panelwassubjected to negative pressuupl(ft),
except for thesecond panealear th20mmgap(at b/B= 0.53) wherthe Cpnetincreasd to positive
values afterwardst decrease to negativevalues(Figure4.28, Figure4.29). For the range 1 wind
speeds, along the edfiee of thefirst pane] the Cpnetincreased to the highest positive valsat
b/B = 0.35followed by a decreasgto negativeraluesthen an increase to positive for secamd
panelnear th0mmgap(Figure4.27). A difference in Cpetbehaviorwasspotted near the end of
the edgdine, along the second pan&here it decreaskfor thewind speed ranges 2 and 3 and
increasd for the wind speed rangé. For the case of0° wind AOI, the 20mmgapbetween the
panelsincreased the ngiressure coefficient along the edgéine of thesecondpaneland ths
could beattributedto thewind flow passing through the gap downwards due to wind impinging

on thefirst panekurface near itapperedce.
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Figure 4.27 Net Cp variation along the eddime (wind speedange 1, 0° AOI)
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Figure 4.29 Net Cp variation along the eddime (wind speedange 3, 0° AOI)

4.2.4 Pressure coefficientsontours along the solar panelgor 0° AOI

Table 4.1 represents the contaufor the mean pressure coefficisrdn the upper and lower
surfaces ofhe two panels, and the contours for the net pressure coeffjdetesmined for the
panelsfor thecase oD° wind AOlat a 25° inclinatiomngle The contours were obtaingddough

the Cp values corresponding to the pressure taps measurements, presemapden3 The mean
pressure coefficients distributions were reported for one wind speed from each ofgibe aa
follows: 20.72 m/s (range 1), 31.13 m/s (range 2), and 37.30 m/s (ranya&).the panelas
exposed to winat an angle of incidence of,@heincoming windflow is deflected by its surface
Due to the location of the inletsutlet suction e#ct,and the flow detachment and reattachment
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on the surface of the panels, tbisaeddifferent types opressure coefficient distributispwhere
Cp fluctuations were observefl negative pressure coefficiesignifiesthatsuctionis applied to
the examined surfacethusthe wind flow is directed away from the subjected surfaaeda

positive pressure coefficient values meaat tthe wind flowis directedtowards tle respective

surface

4241Cp al o n gppgr surfaedorf0BAOU

Thedistribution of the pressure coefficieaton theupper surfacef the panelsobtained from the
experimental resultshowedthat theinlet-linesof both panelsveresubjectednostlyto negative
Cp (suction) for thewind speeds 31.13 m/s and 37.30 m/ss ttould becaused by thatrong
suctionof the WDSoutletsituated on the roof of the experimental room, tianang a larger effect
on thewind flow redirectedupwardsfrom the panels and passitirough the suction outlefor
the 20.72 m/s wind speedhere the VIDS outlet suction rpm setting was lowgican be noticed
that the linealong the surfactacing the inlet is positive otine first panelwith its highest value
occurringaround the middle of the inkihe, as it can be noticed in the contoursTable4.1.
Thereaftera diminishing trendollowed, andthe Cpreaché negative magnitudes (suction) along
the rest of the inleline andon the second panedxcept when approaching tbpperedge ofthe
second panelvhere the pressumefficientwaspositive That could be due to flow separation
near thdeewardedge. Along the midineo f t he panel,thépressurp eoefficisnisr f a c e
for thetwo wind speeds 31.181/sand 37.30 m/sverepositive reachingmaximum value when

it first approachethewindwardedge and stad positive on the first pangbnly to diminish and
reach suction along thentire midline of thes e ¢ o n d upper suefdcéd-arthe smaller wind
speed 0R0.70 m/sthe Cpalong the midine ofthe first mnelwasmostly negative with its highest
suction attainedafter reaching halfway of thérst panel; onthe second pandhe pressure

coefficientwasmostly positive along thentiremid-line.

It can beobservedhat for lowwind speeds, the lines facirige inles on the first paneblnd the
mid-line of the second panel weseibjected to positive Cp, whereas for the higher wind speeds,
only the midline of the first panelwvassubjected to positive Cp. This could be attributed to the

increasingsuction capeity of the blowerexerted at the WDS outléhushavinghigherinfluence
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on thewind flow redirecting it upwarddrom the middle region of the panels atodvards the

outlet.

4242Cp al ong epsumaedordBAOl o w

The pressure coefficient didgiution on the lower surfacgasmostly positive on both panels for
thethreewind speeds20.72 m/s, 31.13 m/s, and 37.30 nsisown in Table4.1, with a maximum
positive pressure coefficient occurring on the first paaféér reaching halfway of the line facing
the inlet.Along the midline of the lower surface, it can be noticed thatther first panethe Cp
stared by a negative valydollowed byan increasingrend until reaching a positive Gm the
lower surfacein the vcinity of the 20mmgapbetween the panel3his can be attributed to the
wind flow passed below the panel or deflected by the walls, beidgected upwards towards the
WDS outlet through the gap

4.2.4.3Cpretalong the panels for 0° AOI

The nefpresure coefficients arthe combination othe Cp registered dooth the upper and lower
surface of the two paneJobtained by subtracting the lower surface pressure coefdiemh
the upper surface pressure coefficee@verall, for higher wind speed31.13 m/s and 37.30 m/s),
it can be observed that the net pressure coefficients on theslfirskveremostly negativeyplift)
on both panels excefur the regiomat the beginningf themid-line of the first panewherethis
stared with positivevaues thenit diminished with the distancendbe@ame negative along the
rest of the midine. For 20.72 m/s, similar behavimasobserved otthe first panelhowever the
Cpnet Stared with the positive pressure coefficismn the inletline and negatie (suction) on the
mid-line. For the second pangthe midline undewentpositivenetpressureoefficientswhereas
the inletline was mostly subjected tsuction(negative Cp). Near thetop edge ofthe second
pane] positivenetpressure coefficieatwerepresentand ths could be due to the impinging flow

at the edgef the panel
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Table4.1 Cp contours comparison foifterentwind speeds (20.72 m/381.13 m/s, 37.30m/g} 0° AOI:

Velocity

Upper Surfae Cp

Lower Surface Cp

20.72 m/s

= o5 \. % é_’,.\

; K b
&
240

gl

31.13 m/s

» ~

)

37.30 m/s

/
(=2 ) : ’~3/

T
“’6/ l\ J |
oF ‘?‘?6‘

o é‘?/> o i

> g B |

oo Ja 0_05//\ A % \
e L™ s s R




4.2.5Comparison with previous groundmounted solar panels studyfor 0° AOI

The results of the mean pressure coefficanitoursalong tle panelsvere compagd with the
study conducted b$amani(20169 for better understanding and evalagtthe capacities of the
WDS facility. Thepreviousstudy(Samani2016 was conducted ostand-alonegroundmounted
solar panelsvith the samalimensiors (1,960x 1,990 mm),samegap width(20mm) andsame
panes ihclinationangle(25°), as employed in the current studjowever two main differences
should be mentioned: firsthe present studysed the aslar panelsmodelsmade of plywood
whereasSamani(2016 used thepanel models fabricated Ipplycarbonate. Second, the current
study employs ta WDS facility, which has inlet flows induced by thétlet suction, wie Samani
(2016 conducted the study #te wind tunnel callethe WindEEE Dome which replicates the
boundary layer wind profilehus thewind flows are differentThe comparison was based on the
presenstudy pressure cdefient resultscorresponding to a velocity of 16.56 nmdsdthe Samani
(2016 pressure coefficient resuktsrresponding to a velocity of 15.61 m/s.

As it can be seen for the 0° wind AOI case, for the net pressure codffiortoursalong the
panels there are negative valuesp(ift), which is different than the result®f the experiment
conducted bySamani(2016) where there are only positi@net values(Figure 4.30). For the
current study, He first panel undergoes mostly negatiet pressure coefficiestexcept for the
beginning of thaenlet-lines andmid-line, and some parts along the upper half of the didge
This could be due to the fact that in the WDSility, the highsuctioninduced by the outlet
controls the flow in the chambehe outlet opening, located at the middle ofrihef of the WDS,
directs the aiupwards, away from the panels, through its connectingtdtice blowexindustrial
fan). Values tend to show different magnitedéhan thoseobtained through the experiment
conductedn the WindEEEDomefacility, and thisis due to thelifferentexperimenal conditions
used in the theses two studiBsiring the present experiment, the padptsjectedareasaremuch
larger than the inlet cross sectional area in the WDS faanitych is where the air is dicgeed
towards the inside of the chambserd gets dispersed towards the test model. This could be the
main caus®f obtaininglower Cp values in addition to the sttion inducedby the blowerat the
top outletcausing the air to be directegwards which can be noticed tagh wind speeds cases

investigated
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Figure 4.30 Net Cp contourscomparison with previous studys@émani, 2016(0° AOI)

Even though the wind speed ahéreference pressure are different due to different experimental
testingconditions the mean pressure coefficients along the-inel and inétline of the panel
were plotted inFigure 4.31 and Figure 4.32, respectively to be compared with the results
previouslyobtainedby Samani(2016 for the midline of a similartestedmnodel.As can be seen,
somedisrepanciebetween the resultgepresentHowever, a similar effect of tHfOmmgap was
observed on the pressure coefficgedistribution where an abrupt change took pladéso, the
pressure coefficienteend to fdlow different trendssince theexperimentalfacilities used are
different, thus theflow behavior andhe boundary layers are not similar agll, as mentionned
previously.Cp fluctuations and alternations between positive and negative values canrbedbse
for both the inlefine and midline results of the present study, which was diffevdmn compared
with themid-line Cp results from thprevious studySamani, 2016)This signifies that thevind
flow simulated in th&VDS is highlyunstable and leads to results different than the conventional

boundary layer flows.
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Figure 4.31 Inlet-line mean Cp (16.56 m/s) comparison with 4ir@ of previous study (15.88 m/s) (0° AOI)
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Figure 4.32 Mid-line mean Cp (16.56 m/s) comparison with g of previous study (15.88 m/s) (0° AQI)

4.3 Wind-induced pressure coefficients for the 180° angle of incidence

The pressure coefficientver obtained forthe 180°wind AOI for several wind speedsanging
from 1469 m/s to 4171 m/s, however &oftware malfunction occurred for the.@6n/s wind
speed case and theessurevaluescould not be fully recorded, thus the Cp data was disregarded.

Some discrepanciesf the pressure coefficients distribution along prenelswere observed
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between ertain wind speeds therefotbe results wergroupednto two categories to be discussed

for the following wind speeds rangeshich are different than ¢hwind speed ranges for 0° AOI
Range 1: 14.69 m/s to 33.37 m/s,
Range 2: 35.46 t0 41.71 m/s.

The values of the timaveraged pressure coefficierdf the upper and lower surfacevere
obtained through the experimahimeasurementand the net pressuceefficientwas determined
and plotted for each of thevestigateccasesnvestigatedThe sign convention was preserved as
per the previously reported cases of 0° AOI, thus dsitipe pressurecoefficient signifieghatthe

wind is directed towards thespectivesurface andhe negative pressure coefficient means the
wind is directed away from threspective surface. Only tmet pressure coefficiemias reported

in the current section, fahe three lines: muine, inletline, and edgdine. It shoud be noted that

the pressure coefficiemesultsfor the 0°AOI case were presented in detail whereas the ones
corresponding to the 180° were only considered for the net peesseificient. heCp along the
mid-line, inletline and edgdine of thelowerand upjer surface of the tested panels can be found

in Appendix A

As previouslydescribed for the 0° wind AOI casiéis important to note thadhe first panebnds
at b/B = 0.495, followed by th2FOmmgap and the second pnstarting at b/B = 0.53vhere B
is the total length along boffanels combined (290 mm) and b is the distance where the specific

pressure tapeading was obtained along the lias explained in the introduction Ghapter 4
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Wind direction180°

—

Figure 4.33 Inside view of the WDS with panels inside (180° AOI)

4.3.1Cpretal o0 ng p alineford8° AGI d

The net pessure coefficient@Cpne alongthe midline of the panefor the speed rages 1 and 2
are representeh Figure4.34 andFigure4.35, respectively. For all the tested wind speeds, the
pressure coefficients stadin the negative regioruplift) for thefirst panelandfor thebegnning

of thesecond panedfter the20mmgap(at b/B = 0.53) For most of thewind gpeedswithin the
range 1(Figure4.34), the Cpetalong the midine had the critical negative values occurring near
the beginning of the first pah which could be attributed to the accelerated wind flow passing
underneathhe first panelafter being deflected by the panels surfaédsng halfwayof the mid

line, in the vicinity ofthe 20mm gap, the Cpnet increased on the first pantdp edge, oty to
decrease othe second pandbwer edge. The first panel was subjectedegativenet pressure
coefficients along the mitine, except along the halfway of tmeid-line and near theOmmgap,

for wind speeds ranging from 14.69 m/s to 22.82 m/s.s€kend panel was subjected to negative
Cpnet along halfway of the second paneind when approaaty the upper edge (at b/B = 0.98),
where it increased to reach positive values. Fordahge2 of wind speedg¢Figure4.35), it was
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observed that both panels are subjected to negative pregpliitg &élong theentiremid-line, while
experiencing the largesplift Cpnet (Nnegative)on the second panel at b/B = 0FBmilarly, Cpnet
increased on the first panghen approaching the gdputthe maindifference from thdirst range

of wind speeds was noticed where the net pressure coefficient decreased when approaching the
top edge ofthesecond paneht b/B = 0.98Figure4.35).

Net midline

B
o
O
—0— 14.69 m/s—@—18.79 m/s 20.72 m/s 22.82 m/s—e—25.10 m/s
—0—27.20 m/s—@—29.29 m/s—@—31.23 m/s—@—33.37 m/s
Figure 4.34 Net Cp variation along the milihe (wind speedange 1, 180° AQI)
Net midline
0
-0.05
-0.1
3 -0.15
o
O -0.2
-0.25
-0.3
-0.35
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
b/B

—e—35.46 m/s —@—37.46 m/s —@—39.58m/s —@—41.71m/s

Figure 4.35 NetCp variation along the mitine (wind speedange 2, 180° AQI)
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4.3.2Cpretalongp a n anletslide for 180° AOI

Along the inletline of theexaminedpanels the net pressure coefficients for the 180° wind AOI
case were determined through the conducted experiment, and are repriesespgedd ranges 1
and 2in Figure4.36 and Figure4.37, respectivelyThe Cpet distribution was found to be similar
for all the tested wind speedtong the inlefine. Both panels were mostly subjected to negative
Cpnet (uplift) along the inletine for the wind speed of range 2(Figure 4.37), except when
approacing the 20mmgap (at b/B = 0.47)where a significant increase of pressure coefficient
took place, reaching positivevalue at the upper edge of the first panel. This behavior could be
attributed to the suction outlet, located on the roof of the WDS right abo2@ti@agap. for the
wind speed of range 1(Figure4.36), Cphet wasmostly inthe negative regiomlongthe inletline

of the panels except for the lowedge of the first panehear the gap, around halfway and the
upper edge of the second panel (b/B = 0.7 and b/B = W#re the net pressure coefficient was
positive When approaching thtep edge of thesecond pangethe Cpetdecrease for both speed
rangesFor all the tested wind speede maximunuplift value was observed bitB = 0.4 along
the inletline of thefirst pane) which is situated at the middle of the upper half of the first panel
On the lower edge of the first panel (b/B = 0.025¢, @petwas positive along the inkéine for
most of the wind speeds of range 1, whereas the: ®as negativalong the inleline for the

wind speeds of range 2.

Net inletline

—0—14.69 m/s 18.79 m/s 20.72 m/s 22.82 m/s 25.10 m/s
27.20 m/s—@—29.29 m/s—@—31.23 m/s—@—33.37 m/s

Figure 4.36 Net Cp variation along thmlet-line (wind speedange 1, 180° AOI)
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Net inletline
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CRiet

—e—35.46 m/s —@—37.46 m/s —@—39.58 m/s —e—41.71m/s

Figure 4.37 Net Cp variation along the inldine (wind speedange 2, 180° AOI)

4.3.3Cpretalongp a n esdigslide for 180° AOI

The net pressure coefficiardlongthe edgeline of the panels were determined for the 180° AOI
case. The results for the wind speeds of ranges 1 and 2 are determiaeslllustratedin Figure
4.38 and Figure 4.39, respectively. Similabehaviour was observedr all the wind speeds
however thelocation of the critical negativ€met differed between the two speed ranges.tke
wind speeds of range the maximum uplift Cptalong the edgéine was observedn the first
panelat bB = 0.15(Figure4.38), whereas for the second range of speeds it occomréle first
panelat b/B = 0.35Figure4.39). For allthe examinedvind speeds, the net pressure coefficient
was found to b@egatve along the edgéine of thepanels except for wind speeds below 22.82
m/s, where the Ggrreached positive values treupper half of thesecond panel edgme, around
b/B = 0.5 and 0.85before decreasing to negative nearupper edge of the sewd panel The
20mmgap led to a decrease of uplift magnitude of the net pressure coefficient, where the lower

edge of the second panel had ad@lueclose to zero
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Net edgeline
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Figure 4.38 Net Cp variation alonghte edgdine (wind speedange 1, 180° AQI)
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Figure 4.39 Net Cp variation along the eddime (wind speedange 2, 180° AOI)

4.3.4Cp contours along the solar paneldor 180° AOI

The following Table 4.2 represents the contaufor the meanupper, lower and ngiressure
coefficiens, along the panels with 25° inclination setgprrespondingo one wind speetfom
each of the twaanges, 20.72 m/s and 37.46 m/s. When the panel isedpgo windunder 180°
AOl, the flow hits the panels ani deflected by its surfacereating the pressure coefficient
distribution.
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Thenet pressure coefficientontous along the first panedhoweduplift (negativeCpney, with the
most critical locabn beingalongtheinlet-line, past half the first panahd close to th2eOmmgap
Discrepancy was noticed between the taxgestigated wingpeeds othe first panelwherepast
halfway of the midine, the net pressure coefficisrttecameslightly postive for 20.72 m/s but
remained negative for 37.46 m/s. In addifibatween thénlet-line and the edgéine, positive net
pressurecoefficientswere observed for the 20.72 miwhereas for the 37.46 m/s the negative
pressure diminishedzor the second pel, for the wind speedwithin range 2the panelwas
subjectedmostly to suction (negative pressure coefficient) along the-lm& whereas for the
wind speedwvithin range 1, some regismof positive pressure coefficients were noticaftier the
halfway of the midline. For the lower surface of the pandigghestCp value occuedalong the
inlet-line ofthe firstpangel and both panel s& Wwentpasitive grassufea c e s
coefficiens. Forthe upper surface of the panelsderthe 37.46 n's wind speedhe panelsvere
mostly subjected taplift with the critical value occurringn the upper halhf the inletline of the

first panel(near the gap)or the 20.72 m/s wind speed, the most critigalft pressure aurred

at the beginning ofhe midline of the first panehear the edge, only to start diminishing until
becoming positivbeyond théalfway of the midine ofthe first panelandthenthis decreasetb
reach negative values. iBHluctuatingCp evolutioncould be due to th&/DS outlet situated at
the middle of theseiling. Forthe second pangthe presence of ttBdmmgapbetween the panels
led to an increasef Cp alongthe midline, causing a positive pressure coefficient at the beginning
of the midline and edgéine of the @nel
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Table4.2 Cp contours comparison foifterentwind speeds (20.72 m/s, 37.46 nds180° AOI:

Velocity

Upper Surface Cp

Lower Surface Cp

20.72 m/s

: = >
l(fa\? ’?: )
\ \
N N

37.46 m/s

S
0.2

\\@/// ‘ 5 2.

4.3.5Comparison with previous groundmounted solar panels study, for 180° AOI

For thel80° AOI, comparison ofmean Cp results along the iide and inletline were conducted
with the mean Cp along the rdlicie of the previous study carried Bamani (2016)asshown in

Figure 4.40 and Figure 4.41. The same model was used as for the 0° AOI, there¢fmeanel

dimensions, inclinationangle solar racks and gap conditions a#nilar, however some

differences in the test procedure and analysirepresent. Thevind speedor the present study
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was 14.69 m/s compared to 15.88 m/s for the study conduct8arbgni (2016)The pressure
coefficientsmeasured in the current study on the upper and lower surfaces were more consistent
with each adbter, whencompared wittSamani (2016)for which high positive and high negative

Cp values were reported for the lower and uppgreeas of the panels, respectivelne results
similarity was noticedspeciallyfor the inletline Cp results obtained the presenstudy, and the
mid-line Cp results reported [§amani (2016jFigure4.41). The two studieseportedsimilar Cp
behaviour around th2Ommgap on thenlet-line, where its presence lead to an increase in Cp (in
case of positiveoefficientg and a decrease (in case of negatvefficienty, when comparinghe
previous tudy (Samani2016)Cp along the midine with theCp along thenlet-line of the current

study In addition,it was noticed thathe pressureoefficiens decreaseth magnitude the further

the location on théne was,and wtenapproacing theupperedgeof the second panel

Mid-line Cp comparison with previous rvide

15
1
0.5
g 0 .Q-'. ---4&--- Upper surface (Samani, 2016}
8§ -0.5 -" Lower surface (Samani, 2016,
-"'- . .._-.--.
-1 $ ‘" Lower surface (Present study)
.. o U face (Present stud
-1.5 R ICRE pper surface (Present study)
-2
0 0.2 0.4 0.6 0.8 1 1.2
b/B

Figure 4.40 Mid-line mean Cp (14.69 m/s) comparison with tim@ of previous study (15.88 m/s) (180° AQI)
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Inlet-line Cp comparison with previous rdide
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1.5 ‘g pper surface (Present study)
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0 0.2 0.4 0.6 0.8 1 1.2
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Figure 4.41 Inlet-line mean Cp (14.69 m/s) comparison with #irie of previous study (15.88 m/s) (180° AQI)

4.4 The effect of the angle of incidence

The six different angles of incidencavestigated(0°, 30°, 45°, 180°, 210°, and 2298ad to
pressire data obtained through the experingnivhich were analysed,and the timeaveraged
pressure coefficientsere calculatedor each pressure tapable4.3 andTable4.4 represents the
mean pressure coeffats contous on the upper surface, lower surface aheé net pressure
coefficients on the panelfor each of the six angleaccording to a similar wind speed of-20
m/s in order to avoid any discrepancy associated with the difference of wind spegdsAilso,

it wasnoticedthat the case with the highest suction arsdidden changef pressurecoefficient
on the panels systemwasthe 180° AOI caséor which, especially orthe first panelundewent
the most critical effects adhewind-induced presurecoefficient(highestuplift). The 30° and 45°
AOI cases resulted ian alternation ohet pressure coefficienggong the line in between the flow
coming from the inletssimilarly to the 210° and 225° AO&s shown in theontourspresented in
Table4.3. The highest Cptwas observed for the 30° and 45° wind AOI cases, on the first panel
at the lower edge and around halfway of the ihiet, respectively. For the 180° wind AOI case,
the most critical Cpttook place on thérst panel, along the inldine at the middle of the upper
half of the panel. However, for the 210° and 225° AQI cases, the critical upli#t¥s observed
on the secongbane| along the lindbetween the flowddirection, near thOmmgap. The gap
affected the results by reducing thaplift magnitudeCpnet on the first panel, howevet also
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increagdthe Cpet uplift magnitude on the second panel. Critical negative:Qplift) was also
noticed on the firgbanelalong the line between the fl@svdrections of 30° and 45°, which leads

to the conclusion that as theind flow passes through the two opened inlets, sugctimerefore

wind flow movingaway from the panels surfacegasformed in between. For the 0° wind AOI
case, positive Gprwas formel at the point of contact with the first panalifdward edge),
however negative Gp values were observed along the lines facing the inlets. This could be
attributed to the suction effect on the flow by the outlet, experimental air leakatiee wind
passingbelow the first panel then being directed upwards towards the outlet, inducingQyplift

on the panels.
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Table4.3 Cp contours comparison for different wind AQFf, 30°, and 45°)

Velocity
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Table4.4 Cp contours comparison for different wind AQBO0°, 210°, and 225°)

Velocity Upper Surface Cp Lower Surface Cp Net Cp
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4.5 Mean equivalent pressure coefficient

Equivalent pressure coefficient, also known as normalized oraaesaged pressure coefficient
wascalculated by takingthe Cp average along the tributary area of each pressurétagach of
the six angles of inciden@xaminedn this study.

4.5.1Equivalent pressure coefficientCpeq for 0°AOI

The mearequivalent pressure coefficier@ipeq for the 0° AOI case are pled inFigure4.42,
Figure4.43, andFigure4.44. Typically in wind tunnel experiments, the results obtained for the
mean Cp equivalerdrein the positive range; howevdahe experirent conducted in the WDS
facility led to negativeCpeq results asit can be seen ifigure4.42, due to suctiorbased flow
simulated in the WD $acility by extracting the air througie topoutlet This experimental setting
forced the airflowto be directed upwards away from the panel suyftues producing uplift
(suction)on the tested panelBrom Figure 4.43 and Figure 4.44, it was noticedhat the wind
induced equivalent meangssure coefficierwasslightly higherin uplift onthe second pan#étan
onthe first panelfor most of the wind speed casegcept for 20.72 m/s where tgeq value is

lowerin uplift (negative)thanthe oneobserved fothe first panel

Mean Cp equivalent vs wind speed

-0.05

-0.1

CpEq

-0.15
—e—Wind AOI (0°)

-0.2

-0.25
14 19 24 29 34 39

wind speed (m/s)

Figure 4.42 Mean Cpequivalent comparison for different wind spedatstt{ panels, °AOI)
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Mean Cp equivalent vs wind speed (first panel)
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Figure 4.43 Mean Cpequivalent comparison for different wind spedist(pand, 0° AOI)

Mean Cp equivalent vs wind speed (second panel)
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Figure 4.44 Mean Cpequivalent comparison for different wind spe&#sondpanel 0° AOI)

4.5.2Equivalent pressure coefficientCpeq for 180°A0I

The results of the meanpggfor the 180° AOI ase are plotted iRigure4.46, Figure4.47, and
Figure4.48. For the 0° AOI case, the meapd of the first panebndthe second pandlad the
sameevolution and similar values Whereas for the 180° case, the equivalent mean pressure
coefficient onthe first pane(Figure4.46) wassignificantly higher in uplift magnitudenegative
Cpeg) than the equivalent mean pressure coefficient osgbend panetor mostof thewind speed
caseqFigure4.47). This could be due to the fact that for the 18&fter hitting the first panethe

flow is deflected undereaththe panelor through the20mm gap diminishing and ultimately
reaching thewsction outlet at the top of the WDS without significantly impactheysecond panel
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However, as shown iRigure4.47, for higher wind speeds where the suction capacity is stronger
(higher blower rpm settingsihe wind flowis affected significantly by being directed upwards
toward the outlet before hittinthe first panel while the second panelnderwentsignificant
negative pressure magnitude increase (suction).

Mean Cp equivalent vs wind speed

-0.05

-0.1

Cp?q

-0.15 .
—e—Wind AOI (180°)

-0.2

-0.25
14 19 24 29 34 39

Wind speed (m/s)

Figure 4.45 MeanCp equivalent comparison for different wind spedatstif panels, 180° AOI)
Mean Cp equivalent vs wind speed (first panel)
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Figure 4.46 Mean Cpequivalent comparison for different wind spedist(pane| 180° AOI)
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Mean Cp equivalent vs wind speed (second panel)
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Figure 4.47 Mean Cpequivalent comparison for different wind speests¢nd panel180° AOI)

4.5.3 Mean equivalent pressure coefficient for athe testedwind angles of incidence

The neanequivalentpressure coefficient results for the sigées are plotted ifigure4.48. As
shown in the graph, the criticaind AOI that induce the highest equivalent pressure coefficient
was found to béor the B80°wind AOI, followed by the 0° wind AOtaseg as can be seenkigure
4.48. The wind speed4.69 m/sused in the calculatiowas chosen sincewasthe closest wind
speed tothe wind speed of 15.88 m/s employedtle previous studySamani, 2016)for
comparison reass. Similarly,Samani (2016plottedthe Cpeq graph Eigure4.49) for the wind
speed of 15.88 m/and concluded that the 180° case inditbe most critical equivalent pressure
coefficient on the pangl From the present study, it can be concluded that the 180° wind AOI
condition inducd the most critical mean equivalent pressure coefficient on the p&uoelishe
present experiment conducted in the WDS facility atl34m/s wind velocity, le first parel

undewenta higher suction effect thahe second panekperiencedor the 180° case
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Mean Cp equivalent vs wind AOI
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Figure 4.48 Mean Cp equivalent comparison for different wind AOI (Present study)
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Figure 4.49 Mean Cp equivalent compariséor different windAOI (Samani, 2016)

With the increase of angles fronf @o 45° the mean equivalent pressure coefficient increased
from the negative to the positivange in the present studiFigure 4.48), unlike the results
obtainedby Samani (2016where theCpeqvalues stagdat 0° in the positive range then decrease
with the increase of the angle of incidenthis could be due to the differences of thgperimental

facilities where the experiments were carried out.
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Chapter 5 CFD Setup and Results

5.1 Introduction

Computational Fluid Dynamics (CFD) analysis carcdéeied outo numerically evaluate the wind
pressureoefficient on the paneltn addition, CFD allows fovisualizingthe wind flowbehavior
inside the WDS facilitywhen interacting with the tested panelghich can helgor a better
understandin@nd justifcation ofthe pressure coefficients distribution the panelsThe WDS
was built recently, and it is a unique facijitgence,it is important to understanthe CFD
methodologythat can be adoptedndthe turbulence mode)swhich can be associated with the

wind flow simulatednside ths facility, for future studies.

Prior to setting up the CFD model, threedimensionalAutoCAD drawing representing the
experimentvasconductedincluded inAppendix B To avoid anynistakesn geometry, the model

and the WDS facilitywere replicated with as mangetails as possible. After the drawings
completedthiswase x por t ed i n,tobe¢ iGEoSed in the CHD adftware. StarCCM+
CFD software was used in this study due to its economical aspect, accuracy, time efficiency and
reliability (Kim, 2013, while AutoCAD software was used to draw the geometric don#sther
importing the computational geometry, the boundary conditions, computational grid and the
numerical models, which are best suited fa &xperiment, were selectethe examined cases

are the 0° and 180° wind AOI, whigterefound to be the two critical cases in the analysis of the

experimental resultsChapter 4.

5.2 Geometric model

The experimental setup wamdelled witht h e s ame pan(@vb$B5mndx 1666 mmi on s
with a thickness of 12.7 mmgs used in theWDS experiment(Figure 5.1) and similar test
configurations such as tlBmmgap and 25° inclination angle were implementedhe CFD
analysis.The WDS facility andhe solar frames were also modelledthe CFD simulations, as

per thedimensions presented @hapter 3with as much details as possilbibeavoid any geometry

related effects. The tver andthe duct were not included in the model, since the flow can be
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simulated through the top outlet by having thied directed upwarsl This was deemed more
suitable since it is more computationally economical (smaller domain) and the same datcome

expected

Figure 5.1 Threedimensionaliew of theWDScomputational geometrfdimensions taken from upper surface of
the panels)

5.3 Numerical model

Thethreedimensional RANSurbulence modewas used to determine the initfedw conditions
around the solar panels, later employsdthe LES turbulence model, which allows for more
accuracy and details in turbulent flow cases than the RANS miKde| 013 Franke et al.,
2007). Since the flow in the WDS facility is highly unstable aumdbulent this methodvaschosen

to be the most suitable for the CFD analysis.

For the initial conditions, the shear stress transport (SSTjukbulence modelNlenter, 1994

was selected, based on the fact that this model provides good performance for predicting flow
behavior around bluff bodie¥ &ng et al., 2000 Several previous stugi have adopted the SST

k¥ tur bul ence imoudted solar panels gtudeedulpager and Hangan, 2014
Jubayer and Hangan, 2Q1Beinaand De Stefano, 201y In addition Shademan et a{(2014)

concluded thathe SST ky modelis more suitable than the realizableJknodel for flow
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simulation around groundhounted solar panels. After convergengas eached, the unsteady
LES with Dynamic $nagorinsky sugrid scale modelGermano et. al, 199lwas employed.
Second order implicit scheme was selected for the tempisatetizationand the MUSCL
(Monotone Upstream Center&cheme for Conservation Lawsy 8rder (Van Leer, 1979was
used as the spatial discretization scheme. Thedteewasselectecas 0.0004 $or maintaining

the Gurant number below one, which in definition signifies thatflow is not travelling further
than one cell along each time st®foreover 20 inner iterations were specified for each unsteady
time-step. Stability and convergence are accomplished by having residuals values béfow 10

each timestep, and ovea physical period of 2.6 seconds.

In the WDS experiment, the outlet wind speed was the only setting that was constant and
controlled, accomplished by selecting the rpm of the blower connected to the outlet. tHence
boundary conditions of theFD domainwere set, such that the outlet locatexthe ceiling of the

WDS was defined as fAvelocity i nl etormumendaltyh a
simulate the experiment as accurate as posdNsldor the lateral inlets, they were defined as
Aps@s e 0 u tkerogaugepressure. This yielded to an inlateralvelocity of around 16

m/s t016.4 m/s asincomingwind flow towards the inside of the WD#itiated by the pressure
difference induced by the outlet. For all the other parts oftperanental setup such as the solar
panelst h e pfemesahdhedVDSwalls, thesewvere defined as nslip, nopenetratiom wa | | 0
boundaries. The ain the boxwas defined with m atmospheridensity ", of 1.2047 kg/mMand a
dynamic viscositye, of 1.8205 x 16 Pas, corresponding to the experimengl temperature of
around 20°C.

5.4 Grid sensitivity analysis

Mesh or computational gridvas defined by dividing the geometrical domaintanmultiple
elements, whiclallows the StarCCM+ software toatve the necessamgqguations with respect to
the grid nodes and cell$he smaller thelementsare, the more accurate the results will become.
However, this comes with a consequence on the computational cost of the asialysismaller
grids lead to mie cels for the software to solv@&hus it is important to select the appropriate
computational grid to avoid any effects on the convergence criteriarattteefficiency of the
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results while being computationally economical at the same time. Locah mefsement and
sensitivity analysisvereconducted through volumetric controls, which limits the nunalpersize

of themesh cellswhile determining thexdequate results.

As recommended by several studi€safke et al.2007 Tominaga et al., 2008 hexahedral
meshing was employed. Mesh refinement was carried out for the nun@fidaktudy around the
inlets, outlet, solar panels and frame. To select the appropriate computationébrgtin

simulations, mesh sensitivity analysis was conduciedble 5.1 represents the tee different
meshing examined: mesh A, mesh B aresimC and are shown iAppendix B For the numerical
simulafons, acomputerwitha n | nt e | -E47TDCP @3.40 GHZ processwas used,
with 12 GB of installed memory (RAM).

Table5.1 Size and computational cost for different meshes

Mesh Number of cells Solution time required (days)
A 975,251 7
B 2,174,941 16
C 2,887,483 23

The grid sensitivity analysiwasconducted for the LES solution, due to the fact thistrequires

more cellsequivalent tosmaller mesh sizego reach convergence when compared withNSA
algorithm Performance is judged based on several criteria such as: the average velocity line from
the inlet to opposite wall (with panels), the plenum pressure and the inlet average velocity. Graphs
were plotted to visualize medize effect on thdateral inlet velocity Figure5.2) andon the
plenum pressurd={gure5.3). It was observed that mesdB and C converged drreached very
similar resultsaround 16.2 m/s and 608 Pa for inlet velocity ath denum pressure, respectively,

while for the mesh A, the inlet velocity and plenum pressure were respectively around 16.5 m/s
and-165.4 Pa

83



Velocity vs Mesh

16.6
16.4
16.2

[EnY
(o]

15.8
15.6
154
15.2

15

Inlet velocity

Velocity (m/s)

Mesh

Figure 5.2 Inlet velocitycomparison for different mesh siZ@8 AOI)

Pressure vs Mesh

Mesh
A B C

= -166
[a ¥
\q—; -164 Plenum pressure
2 -162
n
Q -160
(oW

-158

Figure 5.3 Plenum pressureomparison for different mesh siZ€5 AOI)

Figure5.4, representinghe average velocitgn theline spanningfrom the inlet tothe opposite
wall, shows a similar behavior for mesh B anésh C.The wind speed decreassitjhtly with
the horizontal distance across the WDS chambeaudderdropin wind velocity magnitudevas
noticed at a distance @f3 m, which is due to the windanel contact poirlbcated 1.24 m from
the inlet. As can be seenkhilgure5.4, good agreemerman be noticed betwedime wind velocities
obtained formesh B and mesh Especially at the end (near the opposite wadl distance of 3.6
m) and at theontact point between the wind flow and the first pawbkre an increase of velocity
occurred for mesh AThis was the oppositef the trend thabccurred for mesh B and mesh C
where the velocity decreasefiaking irto consideration the computationalstcandthe good
agreementof the simulationresults it was decided that mesh Brigure 5.5), formed by
approximately 275000 cells wasthe most adequatfor the numerical simulation§olution

convergence as reached at around2 of physical time (12800 iterations).
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Figure 5.4 Mesh comparison of the velocity along the inlet to opposite wall line (0° AOI)
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c)
Figure 5.5 Computational grid fhesh B): a) WDS and panels module isoparametric view, b) panel and inlets mesh
refinement, c) closap view of the cells on the surface of the panels

5.5 Numerical resultsfor RANS and LES at0° wind AOI

As mentioned previously, tHRANS turbulence model was usewly until reachingheconverged
solutions, whichwasthen used as initial conditions for the LES model. The flow velocity profile
was plotted for the RANS and LESimulationsin Figure 5.6, with the presence of the panels
Values are obtained alorayvertical line, locatedbetween the inlet and the panetging from

the ground to theeiling of the WDS facility. The comparison shows a geggeemenbetween

the two models, with the maximum veltcoccurring at the height of the inleénter where a
sudden increasecourredaroundthe height of 0.2 m.
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Figure 5.6 Numerical wind velocitynagnitudeprofile between inlet and panels

5.5.1 Numerical Cp contours along the solar panels for 0° AOI

Pressure coefficients, obtained from the experimental and numerical RANS results, are presented
in Figure5.7. As expected, RAN$1odeldoesnot replicate the experiment very well, espédgial

for highly turbulent flows. It was observed that there were no fluctuations, nor variation in the
pressure coefficierontourson theuppersurface of the panelas shown irFigure5.7. The inlets
location resulted in the highepositive Cp on the panels, which diminished along the distance.
Same can be observed for the pressure coefficients distribution along tleenichere a positive

Cp can be noticedalfway of the first pangbue to the redirection of the flow towarttt® middle

after hitting the first panefollowing a diminishing trend along the pan@ggure5.7). In addition

to theabsence of the Cp alternations along the paneasoresulted in an underestimation of the
negative presse coefficient magnitudevhen compared witlthe experimental resultShe
numerical RANSCp value was -0.05 compared tdhe experimentalCp value of-0.4. The
advantage of using RANS is that it requires less tiaveer grid density andimited computatimal
resources to reach convergengben compared with LES. However, it does not provide adequate
results for scenarios where high turbulence is prasetite wind flow It provides good initial
conditions for the LES model, minimizing the computatiomeitdherefore LES was used for the

CFD simulations replicating the WDS experiment performed on the solar panels model.
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Figure 5.7 Pressure coefficient (0° AOI) contowakngthe solar paneld u p p aces a)experimental results, b)
numerical (RANS) results

When unsteady (LES) conditions were employed in the CFD software, the pressure coefficient
fluctuated more around thgpersurface of the panels and varied from negative to positive values
registeing contour patternsimilar to the experimental resulascan be seen iRigure5.8. The
numerical resultgbtained through the LES modmiedictedbetterthe magnitude of the pressure
coefficientdetermined fronthe experinentd results.However, it oveestimated the positive Cp
near the point of contact between thied flow andthe first panelwhere the Cp valuebtained

from the LES simulationvas0.52 compared tthe experimental Cp value 6f15 (Figure5.8).

This discrepancycould be caused by thexperimentaMWDS flow, which hadmore dispersion
when thewind is directed towards the panels through the infetsm theupper surfac@ressure
coefficients contours, Wwasobserved that the WD&perinentalflow wasmore dispersed, when
compared with th®/DS simulated flow speciallyat thewind-panel contact point. The resolution

of the pressure tapsedn the experiment affects the pressure coefficient distribution, where there
wereonly around 9@apsmonitored at the surfas®f the paned, much lower compared to the
numerical simulationsvhich employed arountil 0,000 measured points on thea n surfacé.

For the pressure coefficients along the lower susfateéhe solar panels, the numericakults
were not comparable with the experimental results. The numpriesdure coefficientesult for

the lower surface were negligible wiittle to no variation except near theOmmgapand edges

as itcan be seen ithe graphs included in thppendixB. Air leakage in the experimerdue to

WDS displacements through crane usagedue to the flow circulation through the gaps at the

88

o\ Pressure Coefficient



contact with the floorgould be the reason of sudtiferencewith the experimentalsults, where
significant Cp values were noticed along the lower surface of the pdfmisthe future
experimentshaving a door for the WDfacility with proper sealing andlsoobtaining tabulated
flow velocities measured experimentallgorrespondingo the detailedincoming flow to be
implemented in the CFD softwaend employed in the boundary conditidos the inlets flow
descriptioncould resolvesuch discrepancgndcouldallow for better and more precise numerical

flow replication.
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Figure 5.8 Pressure coefficient (0° AOI) contowathe solar panel® u p p e r: a)experiment@alaesults b)
numerical (LES) results

5.5.2Numerical velocity contoursfor 0° AOI

In addition to the high resolain, another advantageovided by the CFD numerical approach
over the experimental ones the ability to obtain flow characteristics at any point or location of
the experimerat facility. Visualizing the flow can help in understanding betterfling behavior

and pressure coefficient distribution on the panel surface. As showigume 5.8, the Cp
fluctuations occurred after the wind flow encountdhedirst panel(bottom panel); a posite/Cp

on the upper surface of the panaklace followed byan alternationof negative and positive

Cp along the inleline. This alternation gradually ceasaftler passing theOmmgap and reaching
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the second panelt was also noticed that positive Cp values along thelimgdof the first @nel

took place.

Similar patterrcan be observed for the velocity contourthefinlet-plane, avertical plane passing
through thenlet-line, represented iRigure5.9. Thewind sped increasedfter theflow interacted
with the panel surfae, reaching a value of around 19.7 na&sshown irFigure5.9. Thiswind
speed increasgiminishedalongthe panel surface, beyotite 20mmgapbetween the panelBor
the midplane represented perpendicular to the glaat its middle locatiorfFigure 5.10), wind
speed started increasing near midwatheffirst panelthis is attributed to theind flow from the
inlets being redirected towards the midaiethe panetiue to the outlet suctiondation andvind
flow redirectionwhen hittingthe first panelVelocity reached was around 14.1 m/s neatram
gap, which can be similao the WDSoutlet suction effe¢iocated right on top of the gagince

the employed wind speed conditisias14 mk.

Velocity: Magnitude (m/s)
2 0.039365 3.9690 7.8986 11.828 15.758 19.687

; s
)

Figure 5.9 Velocity contours (inleplane, 0° AQI)
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Figure 5.10 Velocity contours (migblane, 0° AQI)

5.5.3Numerical velocity vector fields for 0° AOI

When thewind flow approached the panels, it resulted in an alternation of pressure coefficient
ranging from negative to positivalues.The vector representation of twend velocity magnitude

can help visualize the wind behavior that led toGlpdluctuationsalong the upper surface of the
panels Figure5.11 and Figure 5.12 represent the flow alonthe vertical plane section passing
through theNDS inlet. Asit can be observed, the flow entering theuimcinlet follows a nearly
uniform velocity of around 16.2 m/s near the cenfehe inlet When approaching the surfaafe

the panelghe wind flow isdeflected upwards, downwards or around the surface. With the addition
of the suction effedrom theoutlet, this led to creationfeswirls, and an increasdlbw speedo
around 19.7 m/s (higher velocity magnitude), which are more visitiagire5.12. These swirls

are most significant before reaching the gap and near thesufthe first panel while their
effects diminish with the velocity alorthe second paneThe swirls $mall vortices) presence
justifies the presence of the signakdternations of pressure coefficient distribution along the
panel surface. The flow atd have been influenced by the gap presence, the panel surfaces and

the outlet suebn effect caused by the blowéwcated at the center of the top wall above the gap.
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Figure 5.12 Closeup view of the velocity vector field (iretane) with Cp contours n
(0° AQI)

The velodty vector field along midine plane section is representedrigure5.13. No significant
swirls are visible, and this explains the absenc€pffluctuations and alternations between
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positive and negative valuetag the midline of the panelA possible ausefor registering a
positive pressure coefficient along thied-line of the first panel is the detachmaegitwind flow
from both inlets when hitting the panahdtheredirection of some flow streamlinéswards the
middle of the panelwhere the suction outlet is located. This leduteviation ofthe flow from
theinlet-line path and formed a positive Cp along the 4meé. The only discrepancy between the
numerical and experimental results is that thetpaesCpvaluesfor the experimental resultsane
registered along the mithe of thesecond panelvhereas for the numerical resulke positive
Cp valuescan be observed dhe first panelIncreasing wind speeatccurred abovéhe second
panelafter the flow passed the gap, reachiagmanitude of 14.1 m/s with the wind velocity

vectorsbeing directed upward.
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Figure 5.13 Velocity vector field (mighlane) with Cp contourse n t he panel ¢08A0O)pper surf a

5.6 Numerical resultsfor L ESfor the solar panels at180° AOI

5.6.1Numerical Cp contours along the solar panels forl80° AOI

CFD simulation for thesolar panels at80° wind AOI case were cdacted following the same
methodologywsed for the 0° ACcase. The contours of the pressure coeffisialoing the surfaces
of the panels ereobtained for the 180° wind AOI cadéiqure5.14). TheLES numerical results

for the upper surface pressure coefficients wezgligible with no fluctuations and constant
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magnitude<lose tozero throughout the panelsxcept near theOmmgapand some edgeas it
can be seen ithe graphs included iAppendix B As mentioned previouslyheair lealage in the
experimentdue to lifting and displacing the WDSrtlugh often crane usageyr different flow
suction mechanissjcould be the reason of such differemaéh the experimental results, where
significant Cp distribution was noticed along the uppeface of the panelBorthe lower surface
of the panelsthe numerical pressure coefficient camt showeda similar distribution when
compared with the experimental resultstioa first panelThe lines facing the inlets weneostly
subjected to pasve Cp with the highest magnitude occurring midwaytloé upper haldf the first
pane] near the gapalso,negative pressure coefficients were obsenest the side edgéBigure
5.14). Both the critical positie Cp and negative Cp were observedtanfirst paneupper half;
however, the magnitudes were underestimated by the CFD simulfdroboth positive and
negative Cp On the lower surface ahe second panekhe numerical pressure coefficient
magnitudesverenegligible unlikethe Cp valuesletermined through the experiment. This could
beattributed tgproblemsencountered during the experiment, the experim&di26 flow having
stronger suctionthesecan be avoided in the future with further flow studaesl detailed wind
profile to be defined for the flom the WDS facility

5 2% Pressure Coefficient

.......

o
-
OIS I

a) b)
Figure 5.14 Pressure coefficient (180° AOI) contours on the solar péneld o w e r: a) experimentaleesults b)
numerical (LES) results
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5.6.2Numerical velocity contours and vector field for 180° AOI

The velocity contours anithe vector fields along the plane section passing through the inlet and

the panels were determined amdrerepresented ifrigure5.15 andFigure5.16, respectively. It

can be observed that the further the mowimd flow wasfrom the inlef gettingbelow the solar

panels, the less uniform it keene, where the velocity decreasen the circumference of thuércle

shaped flow. It is also noticed that floxelocity of around 17 m/®ccurredwhen getting below

the middle of the lower half dhe second pangprior to any interactiomw i t h
(Figure5.15). This can be &tibuted to thaVDS outlet suction effecand the gap presencéfter

t he

panel 6s

passing the gap, the flow velocity decrehakng the panel distance, and small swirls formation

could be noticed Figure5.16).

i Ol
Velocity: Magnitude (m/s)
0019119 3.6953 73714 11.048 14. 724

Figure 5.15 Velocity contours (inleplane,180° AOI)
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Figure 5.16 Velocity vector field (inleplane) with Cp contoure n  t he panel §180°AC)wer surf a

The velocity contours andeetor field along the miganel section were determined and
represented ifigure5.17 andFigure5.18, respectively Flowincoming through the inlets begins

to deviate slightly to the middief the panelnd an increase of wind speed was notioedr the
20mm gap. The mighlane air velocityeached a maximum magnitudeasbund 11 m/siear the
midway of the lower half ahe first paneind decreasegradually due to the winiiow impinging

on the panel suate andlue tothe interaction with théottom floor of tle WDS. The flow along

the midplane section is fairly controlled with no significant swirls or vortices, which explains the
absence opressure coefficierftuctuations orsudderalternations betweepositive and negative
values.
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Figure 5.18 Velocity vector field (mighlane) with Cp contoursnthem nel s & | o@8tAOBur f aces
In general, CFD results providéldw information and helped understanding the Cp fluctuations
on thepanels along withidentifying the locations on the panels where the wind speeckased.
However, the flow was not idéical to the experimental WDS flow. And that could be observed
when the Cp values on the lower surfadethe panelsand upper surfacef the panelsvere
negligible for the 0° and 180° AOI caseespectivelyA smaller mesh size, detailed flow profile
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measuredexperimentallyto be implemented in the CFD simulatiorend further turbulence

models examinedould help resolve these discrepancies.
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Chapter 6 Conclusions and Recommendations

6.1 Introduction

The new WDS=xperimentafacility at the University of Ottawa was used to determntime wind
induced pressureoefficientsdistribution on fullscale solar panels with a 25° inclination angle.
Different cases were considered in this stddy,wind speeds between 14 m/s and 42 iaws|

wind andes of incidencéetween 0° and 225°Resultsrom 48 pressure tapsistalledon each
surface of the paneisere analyzed and the dimensionless pressure coef§ickmg the panel

lines and surfacecontourswere determinedA CFD study waslso conductéd to replicate the

WDS experiment for a better understanding of the fl@ivucture interactigninside the WDS
facility. Numerical results were obtained awere compared with the experimentahlues,to
evaluate the select&eFD turbulence modein relation to the WDS facilitywind flow. Detailed

flow behavior was obtained through the CFD simulations, which provided better visualization and

understanding of the pressure coefficient distribution osuhiaces of thexamined solar panels.

6.2 Conclusons

Six wind angles of inciden¢ed®, 30°, 45°, 180°, 210°, and 225° were considered in the
experiments each tested fodifferent wind speeds ranging from 14 m/s t@ d/s with
approximately2 m/s increments. Pressure measurements were obtained opénesupace and

lower surface of the panels, and the net pressure was calculated. Pressure coefficient results were
determined andwere analyzed for better comparisoas detailedin Chapter 4 Contours
representing the pressuceefficient distribution along the test model were determined and

discussed for all the six wind angles of incidence

The 0° and 180° wind AOI cases were found to be the most cotsals where theéested solar
panels registeretthe highest magnituded net equivalent pressure coefficient, also known as the
areaaveraged pressure coefficiefihe critical AOI that induced the highest equivalent pressure
coefficient Cpq was found to be th&80° wind AOl when the wind flow from the inlets is

approacing the panels from behinthllowed by the 0° wind AOI casevhen the incoming flow
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is approaching the panels from the froBimilarly, Samani (2016xoncluded that the 18380l
case induagthehighestcritical equivalent pessure coefficient on the pandisr the 0° wind AOI
caseof the present studyhe windinduced equivalentetpressure coefficienwasgreater in uplift
(negativeCpeg) Onthe second panéhan onthe first panelfor most of the wind spes@xamined
The 0° wind AOI case conducted in the WDS facility led to negative (u@liftesults due to the
WDSflow beingcontrolled bythe suction through the top outlet, whitdrced the wind flow from
the lateral inletsto be redirected upwardaway from thepanel surface after contact. Regarding
the 180° wind AOI case, the net equivalent pressure coeffioietite first panellower panel)
was significantly higher in uplift magnitude (negativ€p) than the net equivalent pressure
coefficient onthe second pwel for most cases. This difference of values betwtberfirst panel
andthe second paneian be attributetb wind flow hitting the firstpanéls | ower sur f ac
getting deflected and passing below the panel, and ultimately reaching theltn@tegher wind
speedded to an increase in uplift (negative)&pn the second panel and that can be attributed to
the outlet, locted at the center of the WD&iling, havingstronger suctioreffect for higher
selected wind speedhigherindustrialblower rpm settingspn the wind flow The Cpq of the
present studpn the panels are shownTable6.1 for the different wind AOI at 145 m/s.The
previous study conducted by Samani (2016) resulted in a decre@gey0fhen the windAOI
increased from 0° to 45°, whereas for the present stbhdyCpqincreased, reaching the highest
positive value at a wind AOI of 45°, as can be seérainie6.1. The differencedetween the two
facilities are that the WDSimulates asuction orientedlow, due to the outlet effecivhen
compared to the flow generated by the wind tuniWéso, the magnitude of theressure
coefficientsobtained in thevind tunnel were highdghan the ones measured in the WBiS¢e the
tested nodel was fully submerged in the wind flow. From the present sttudgn be noticed that
the first panel was subjecténl asmall negativeCpeq (suction)which increased to positive when
the panel was turned with regard to the wind direction, until regct80° wind AOI, where the
Cpegdecreased and the highest suction magnitude was registered for the firdtpatiel .second
panel, the Cg had the highest suction value at 0° wik@l and decreased in magnitude while
remaining negative for the otheina directions. The Ggwas found to bsignificantly higher in
magnitudefor the first panethan the second pantar 45° and 180° AOI, whereas the opposite
was observed for the 0° and 210° AOI.
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Table6.1 Experimental Cg,onthe panels for different wind AOI (present study)

AOI case Panel 1 Cg, Panel 2Cpeq Total Cpyq
0° -0.02L -0.19 -0.16
30° 0.081 -0.072 0.0045
45° 0.18 -0.011 0.085
180° -0.29 -0.024 -0.16
210° -0.022 -0.12 -0.01
225° -0.11 -0.081 -0.0%

For the 0° wind AOI case, the wind speeds affected the pressure coefficient distribution on the
solar panels. The lower wind speeds rabgéow 23 m/s resulted in a positive pressure coefficient
on the upper surface inlBhe of the first pael, alternatingpositiveto negative magnitudes along
the second panelWwhereas with higher wind speedsove 23 m/snpegative Cp values were
observed along thelet-lines of both panels. On the upper surface, uplift (negative Cp) took place
as the flowapproache the 20mm gap between the panel§r all wind speed For low wind
speeds, positive Cp was formedtbe second panehid-line, signifying that the air was diverted

to the middle (outlet location) after interacting with the pawetereas for fgher wind speedthe
panelsunderwent stronger suctippositive Cpvalueswere noticed on the midine of the first
panel Similar distribution was observed for the lower surfaafethe panelsthe only difference
beingthe magnitudes of the Cpoefficients which could be attributed to the higher blower rpm
leading to stronger upward suction exertedviomd flow post interaction with the panels.

For the 180° wind AOI case, it was concluded thatfirst panelwas subjectednostlyto uplift
(negativeCp) with the most critical value occurring on the upper half of the-ime{ near the
20mmagap, for all the wind speeds. Alotige first panela positive net pressure coefficient was
noticed halfway of the mitine for low wind speedsbelow 23 m/s, whesasthe Cpremaired
negative for the higher wind speeds. Between the-imetandtheedgeline, low wind speeds led
to an alternatiof negative tgositive Cpey, Whereas for higher wind speeds, the negative:Cp
which was noticed on the inléhe, diminished in valughoweverdid not switch to positivesgion.

Along the edgdine, alternation of the net Cp is observed for most wind speddle staying in
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the negative (uplift) range, with the 20ngapproducing an effeabn the Cpresults by redung

the magnitude of the upliindbringing it close taull, only to alternate and increase in negative
magnitudeslongthe second panebimilar effect was observed for most wind spesdhe inlet
line. Alongthe second paneahid-line, for the highwind speedsabove 23 m/ghe net pressure
coefficients were mostly negative, whereas for the lower sppedsdive pressure coefficient

werenoticed on the upper half of the ride, near the centre tiie second panel

For the 0° and 180° wind AOI sas, omparison®f themean Cp results along the Hide and
inlet-line were conducted with the mean Cp along the-Imil of the previous study carrienlit
by Samani (2016pn similarsolar panelsnocdel configurations Discrepances between theCp
distributiors and magnitudewere noticed when comparing wiamani (2016)whichweredue
to the different characteristics of the wind flow simulated by the two fasslitthe WDS in the
present stdy and the WIindEEE in the previous stuBgr the 0° wind AOI case, the net pressure
coefficient contows obtained in the present studygntained negative values (upljfynlike the
results of the experimenbnducted bysamai (2016) whichreportedonly positive CgetVvalues.
That could be due to the fact thas designedh the WDS facility the flow suction is more
dominant TheWDS outlet opening, located at the middle of the ¢teging of the WDS, directs
thewind flow upwards through its connection to the blowire 20mmgapbetween the panels
had a similar effeabn the pressure coefficient distributialong the inleline for the 180° wind
AOI casewhere an abrupt change took platiee gapeffect on the Cp valigawvas more noticeable

for the results along the inkihe than for the midine.

Computational Fluid Dynamics (CFD) analysiasconducted to numerically evaluate the wind
pressure coefficient on the panealsing STARCCM+ softwareThe 0° and 180° windOl cases
were examinedas thesewere found to be the two critical caseghen the analysis of the
experimental resultsvas performedThe threedimensionaldomainof the simulationand the
modelling resultsveredetermined and representedGhapter 5Due to the fact that the flow in
the WDS facility is unstable anturbulent the threedimensional RANS model wasnployedto

determine the initial conditions to be used by the unsteady LES turbulence model

For the 0° wind AOI ase, it was observed thaie RANS turbulence modatiid not replicate the
experimenal conditionswell and underestimated the negative Cp valwdsereas LES model
resulted in better flow replicatipfluctuations were noticed in the pressure coefficiemtaurs

102



on the panel sFiom the gpessure sodfficients cantoursyds observed that the
WDS flow was more dispersed in the experiment, when compared withC#®2 numerical
simulation, particularly at thewind-panel contact pointwhere theCFD resulted in an
overestimated positive Cp value. The pressure taps resolution could have @ayeficantrole
in this discrepangyalong with the wind dispersion being stronger ie é&xperiment, when
compared to the CFD simulatiomowever,Cp fluctuations were observed similar tfmose
obtained through the experimental result$he wind velocity vectors indicated thevids
formations andn increase of wind speadter thewind flow impactedthe first panelcausingan
alternation of Cp on thepper surface along the inlite. Thewind flow velocity magnitudeand
theswirls effect were most critical dhe first paneinlet-line near th20mmgap, only to diminish
with the flow velocity alonghe second panelfter passing the gaphis swirlspresence passing
along theuppersurfaceof the panelexplains the Cp alternations between positive and negative
values, which could have been creabgdthe gap presence, the pamirfacewind interaction
and theeffect of theoutlet suctionlocatedat the center of th&VDS top ceiling above the gap.
Along the midline, no significant swirls formation &p fluctuations were noticedror the CFD
simulation, psitive Cpwere observedn the first panemid-line, unlike the experimental results
where tle positive Cpvalueswereobserved alonthe second panetid-line. This could be cause
by thesuction outlet, locatedtthe middle otheWDStop ceiling, causing thdetachmenof wind
flow incomingfrom bothof the inlets whenencountering the firgpaneland the redirection of
streamlinegowards the middle of the panéicreased windléw velocity occurredreaching the
highest speed near the 20mm gap location (below the outlet) and folbgveediminishing trend
aftewards Also, for the CFDnumeical simulations,the pressure coefficients on tHewer
surface, registered negligiblenagnitudeswith little to no variationexceptfor the regiomear the
20mm gapnd edgeghis can be due to air leakage in the W&lS experimeral chambeor due

to several other factors that are mentioned in the research limithetms

For the numerical 180° wind AOI cagke CFD simulation showed that the wind speed increased
along the inleplane sectionbelow halfway ofthe second pangdrior to any cordct with the
surface, which can be attributed to WS outlet suction effect and the gap presence. After
passing the gap, the flow velocityagnitudedecrease along the panel distance. Flow coming
through the inlets begins to deviate slightly to thedigdafter passing theOmmgap.The wind

velocity along themid-planesectionreachd a maximum magnitude around midway of the lower
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half ofthe first paneand decreaskgradudly with no significant swirl formation. Along the lower
surface of the panelg, was found thathe first paneunderwentthe critical Cp in positive and
negative magnitudesvhereas the lower surface tife second pandiad negligible pressure
coefficient distribution unlike what was observed through the experimental refRdtgive Cp

was observed athe first panehlong the line facing the inletsimilarly to the experimental results,

with the highest value occurring on the upper half near the gap with negative pressure on the sides.
After the wind flow was defleced due tocontact with thefirst panelsurface, the numerical
simulation induced positive Cp along the riite lower half ofthe first panelwhereas the
experimental results had negative Cp valdée numerical Cp distribution aime second panel
showed somdalisaepancy with the experimental resultwhich could be attributed to the
limitations in the experimental conditionshe WDS experimentalflow experiencingstronger
dispersionand this emphasizes on tingportance ofurther flow studiesCFD investigatioaand

detailed wind profile to be defined for thgDS flow. Along the upper surfaces of the panels,
similarly to the panelsé | ower surfaces of t h

negligible which can battributed to the same reasasmentioned previously.

In general, it was concluded that the flow in the WDS facility is more of an uplift, upsuatobn
based flow, and the results were differrot the previous wind tunnel studThis new facility
could be used to test panels capaeand failures of the connections under high unsteady wind

speeds.

6.3 Research limitations

It is important to mentioneveral research limitationsticed inthe currentstudy, whether they
were caused by technical difficulties or uncontrollable evértie. WDS facility is still newly
acquired, hence it is expectable to undergo ceetaorsat thebeginningof the testing procedures
One of tlese limitations is the crane usage whenever access to the module is, mkedaxlthe
absence of a door or arthtable. Lifting and placing th&/DS entirestructure could affect the
experimental conditiongonsideringthe absence of threads to properly seal the unused inlets
along with the uneven seal around the perimeter in contact with thediooe air leage could

take place altering the flow. Thisstrictionalso has limited the number of cases to be tested, along
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with the timeconstraint events; such as the WDS facility moving deadline to an allocated new
building, and the University of Ottawa laboragawo-week shutdowrtausedby an unfortunate

accidentn the lab

6.4 Recommendationgor future research

Regarding futureesearcliecommendations, a turntabl®uld beessential to be placed inside the
WDS facility, which will allow to change the wind@\ to test several cases without influencing

the flow conditions. A door can be added to the WDS, which will reduce the usage of cranes
limiting the potential air leaksMore taps carbe used for the pressure measuremenisthe
surfacesf the solar pans| which will provide better accuracy and more informategarding

the windinduced effects. Calibration of the WDS facility can be conducted and difigram e | s 6
scales can be examined to help understand the scale effdotdmtdrmine correction féars for

the pressure coefficient result$o achieve the full potential of the WD#fcility, it is
recommended to conduct further studies on the generated flow characteristics. The influence of
opening oppositand obliquenlets on thegenerated windlow and their effecton the created
turbulence could be studied to broaden the WDS rdleanesearch industrpefining theWwDS

inlets flow in CFD by tabulated winspeed valuemeasured through trexperiment could help

avoid discrepancies in the nuneai resultsMoreover,the CFDsimulationscan be carried out

with a much finer grid and smaller time step to enhance the accuracy and performance of the
numerical replication of the experiment. In addition, it is recommended to examine different
modelssuch as DESurbulence model or WALE subgrid scale turbulence moalehg with
different meshing techniques argblvers to obtain a more accurate descriptiorthef most
appropriateCFD methodology to followfor the new WDS facility. Finally, modelling ¢hblower

part included in the geometric domain could allow for better accuracy; however, this could
significantly increase the computational cost of the simulation. Hefutere studies are

recommendetb be conductechodellingthe effects othe blower onnected to th&/DS outlet.
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Appendix A
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Figure A.1 Cp variation along the upper surface Mide (wind speedange 1, 180° AOI)
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Figure A.2 Cp variation along the upper surface ride (wind speedange 2, 180° AOI)
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Lower surface midine

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
b/B

—0—14.69 m/s—e—18.79 m/s—e—20.72 m/s 22.82 m/s—e—25.10 m/s
—0—27.20 m/s—@—29.29 m/s—@—31.23 m/s—@—33.37 m/s

Figure A.3 Cp variation along the lower surface rdide (wind speedange 1, 180° AOI)
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Figure A.4 Cp variation along the lower surface rdide (wind speedange 2, 180° AOI)
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Figure A.5 Cp variation along the upper surface inlete (wind speedange 1, 180° AQI)
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Figure A.6 Cp variation along the upper surface inlete (wind speedange2, 180° AOI)
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Cp al ong psarfaeeilstbne | o we
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Figure A.7 Cp variation along the lower surface inlie (wind speedange 1, 180° AOI)
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Figure A.8 Cp variation along the lowesurface inletline (wind speedange 2, 180° AOI)
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Upper surface edgéne
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Figure A.9 Cp variation along the upper surface edge (wind speedange 1, 180° AOI)
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Figure A.10 Cp variation along the upper surface edge (wind speedange 2, 180° AQI)
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Figure A.11 Cp variation along the lower surface edlijge (wind speedange 1, 180° AOI)
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Figure A.12 Cp variation along the lower surface edljee (wind speedange 2, 180° AOI)
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Appendix B

AutoCAD drawings

Figure B.1 Drawing representing the WDS facility with panels

Figure B.2 Drawing representing the panels with frame
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Different meshes figures

Figure B3 Mesh A refinement around panels
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Figure B4 Mesh B refinement around panels
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Figure B5 Mesh C refinement around panels

Numer i cal Cp contours along the panel s6 | ower

a) b)
Figure B.6 Pressure coefficient (0° AOI) contours on the solar pdneld o w e r: a) experifental eesults b)
numerical (LES) results
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