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Abstract

Numerical Parametric Study of Wisidriven Rain and Overhang Effeveness om Mid-Rise

Building
Ali Khalilzadeh

The question of how wind and wirsccompanied rain aggroperlypredicted, regardless of
the method, whether experimental, seempiricalor numerical is to this day unsettled.
Moreover, parametric study tfie WindDriven Rain(WDR), and consequently its wetting
building facades is rathénsufficiently dealt with. Due to the destructive repercussions of
moisture penetration induced by WDR, facade protection in form of an overhang, ihich
considered athe most effective means to address the issitR, in regions with high levels

of liquid precipitation, is th@ecessityof this study.Suitable numerical solution, alongside
delving into the effect ohumerous parameters governing the natural phenomenon,
including wind direction and speed, rainfall intensity, and overhang size and shape, is the
target of this work. To reach this goal, a MATLAB code controls raindrop injection into
pre-solved domain of external flow on staatbne and surrounded building/ind flow

solution of multiple turbulence schemes is bestowed upon ANSYS Fluent software package.
Drag simulation and inlet velocity pfiles, are hooked to the solvesing UsefDefined
Functions (UDFs). Validation of wind simulation is done by comparingotieeictions to
wind-tunnel measurements. Validation of rain simulation on the other hand is performed by
comparing the results to relife conditions on a mediumise building.Results of
validationare rather promising for the uppkalf of the windwardacade Proper technique

of simulation of wind with conventional twequation turbulence models, alongside the inlet
velocity profiles is found to be boundatyeated Standarkiw, wind log-law. Overhang
presence and its shape and size are vasikjied angarametrized to find the effect of

those parameters on tle&ectiveness of the overhanghis study showshatalthough

rainfall intensity is faintly influential, the wind sgd and direction, alongside overhang size
and shape, considerably influence catch ratio and effectiveness of the ovérhang.

effectiveness decreases by an increase in wind speed and increases for oblique winds.



Facade effectiveness of the overhaegreases with an increase in rainfall intensity;
although this parameterods influence on point

point on the facade. Finally, the wider the overhang, the more effective it is in protecting the

facade as a wholefrom rain.
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Chapter IINTRODUCTION

The necessity of knowing the mechanism of wind flow and raindrop motion has been

prominent motiveo various studies on atmospheric and meteorological phenomena. Aside from

the fact that by industrialization and growth of population, excess amount of pollutants can be

carried around by wind and precipitated down by raindrops, driaimgand moisture

penetration has momentous impact on soil, bodies of water, target habitats sulgjeéb®f this

study, building envelopes. Various reports from across the globe have been on residential and
commercial buildingsake noticeable damaglele to heavy wind and rgimcidences ofvhich

will be discussed later througtitthis chapter Wi t h gl obal war ming and n

storage orbothpoles, the effects of such phenomenon is most likely accentuated.

Wind around a building has dict repercussions on Refrigeratidieat, Ventilation, Air

Conditioning (RHVAC) systems and mechanical properties of the envelope as well as the
structure of the building. The effect orRHR/AC is because outdoor pressure and stream are
boundary conditons f t hese systems. Asi doecufencewithtaihose ef
results in what called WinBriven Rain which is one of the main sources of moisture that causes
facade failurgHershfield, 1996and(Hazleden & Morris, 1999)ourenco et al. in a case study

of a historical center in Northern Portugal performed a survey of defects in the envelope
(Lourenco, et al., 2006Y hey find waterrelated problems to b&e single most important defect.

The authors claim that infiltrations of water through the roof or the fagade are responsible for
most of pathological manifestatioms.crucial part of finding how windlriven rain wets a

building facadeis the correct andccurate solution to the winid the domainAs the coupling
between many phases involved in a wdrd/en rain is one wayElghobashi, 1994and

(Csanady, 1963)n such a way that the rair o gffescbon wind dynamics is negligibleyrrent

study goes beyond the field of multiphase flow and expands to proper solution of wind around
buildings as a pivotal role. Numerous studies have targeted the accuracy and validation of wind
around buildings. Tése include very detailed problems such as urban canopy, interunit
dispersion and so many other aspects of Atmospheric Boundary Layer (ABL) flow over single or

multiple building units.

One of the most effective means of protecting the facade against $MRleflecting the
incoming water onto ifHazleden & Morris, 1999)0verhangs are found to be the most



important and effective means for the job. Current thesis deploys the proper method of solution
to WDR for unprotected fagle to predict the intensity of vertical rain on protected facade and
subsequently goes beyondvaidate and parameterize the use of overhangs for various wind

and rain conditions.

Current chapter reviews critical papers and studies regarding predittond in urban or
suburban terrain, as well as WDR related literature. Important concepts are introduced briefly

followed by scope, aim and methodology of the work.

1.1 Wind

On an empty terrain, within negligible spans relative to the radius of Earthcaniole

characterized by a twdimensional horizontal vector field. In climatology, wind is defined as the
movement of air relative to the surface of the earth. Atmospheric pressure gradients induced by
dramatic change in regional temperature due to thetrsppe of solar radiation from either pole

to the equator result in win@urrentstudy focuses on quantifying the motion of wind near the
surface of Earth. Due to nestip surface, and fluid viscosity, wind takes a certain shape of

profile, which is altere by wind speed and terrain characteristics, showigarel.11.

Height Height
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Figure 1.11 - Wind profile development for different terrain roughn@Saetani, 2013)



Three major profileghatfit to such shapeare

1. Powerlaw (Davenport, 1963)

Yo Y — (1.11)
R

in which™Y is the mean wind speed at reference point of designabiorandy is the

dimensionless exponeof the function, which varies with the terrain under study.

2. Log-law, based on existing bounddayer theoryOke, 19873

Y o [ (1.12)

in whiché®  is the friction velocity [ is thevon Karmanconstant ando , the aerodynamic
roughness lengtiiRoughness lengtim the loglaw profile is equivalent to the height at which the

wind speed theoretically becomes zekod finally

3. Deaves and Harris (D&H) mod@Cook, 1997)

rZ

d

in whichhis the equilibrium boundary layer height.
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(1.13)

The parameters for the models stated are listd@lme1l.11. Roughness of the terrain under
study in this thesis is at & qwhich by interpolating data ohablel.11, givesw T U.C

This is considered to be in suburban category.

Wind modeling is possible with lifsize measurement tools in the field, winthnel
measurements and, the focus of this thesis, numerical methods. Althoughraview of
experimental and sereimpirical methods presentedview ofnumerical methodhich is

based on CFD, is delved into in the succeeding section.

1 Also (Davenport, 1961)
2 Derivation given in Appendix A ofBlocken, 2004)



Table1.11 - Atmogpheric boundarydyer flow fited function parameters for terrain with differestirface
roughnesgAynsley, et al., 1978nd (Wang, 2005)

« O

Sea 0.0002 0.09

Smooth 0.005 0.125

Open Country with low scrub or scatered trees 0.03 0.1571 0.17

Roughly open 0.1 0.2

Suburban (rough) 0.25 0.25

Very rough 0.5 0.3

Urban (closed) 1 0.33

1.1.1 Literature Review

This section cites important andThewotket ed wor k

reviewed in this seain targeta variety of aspects of wind studyotable aspects are turbulence
modeling, validation with wind tunnel or field measurements, different building configuration in
the domain, and building size and details. Otherdiesdtwith aspects includerpsenting a
stateof-the-art, comparison between turbulence models, discussion on the solver used, different

wind parameters and wall treatments.

Murakami presents the stadéthe-art of utilizing turbdence models in wind simulation
(Murakami, 1998)This paper presents three types of flow analysthodswhich are direct
numerical solution (DNS),arge Eddy SimulationLES) andReynoldsAveraged NaviefStokes
(RANS). (Murakami, 1998ites newmodels and new techniques of LES. It describes modified
versions ofStandard-e model for adopting the bluff body aerodynamics. Between LES,
ReynoldsStressModel (RSM) and th&tandardk-e, best performance is shown by LES and the
latter two are the wotsn predicting the reverse flow region of flow field around a square
cylinder. Major computational expense of DNS is descliim detail for a flow field with

Reynolds number (Re)f 1CF.

Kim and Boysann (Kim & Boysan, 1999plso investigate the application @dmputational
Fluid DynamicqCFD) to environmental flows with considering major issues primarily about

meshing and turbulence modeling of CFD.



Ehrhard and Moussiopoulos propdsenonlinear turbulence model to ovenoe the

deficiencies of th&tandardk-e turbulence model and not indulge high computational demand of
DNS and LES(Ehrhard & Moussiopoulos, 20Q0)his study suggests that although there are

other linear tweequation turbuleremodels that have been proposed, none show a significant
improvement in simulation accuracy o\&andardk-ein the field of wind engineeringEhrhard

& Moussiopoulos, 200Q)roposes a nehinear turbulence modelvhich lead to improved

results compared to a conventional edcosity scheme. For validation, simgleearand

boundary layer flows as well as flow around arrays of cubic obstacles were used. And to find out
about the accuracy, wiAdinnel measurements are pered. The streamlines around a surface
mounted cube under the simulations dontn@uarticleare depicted ifrigure1l.12. Streamlines

in Figure1.1.2 show that the height of the separation bubble on top of the cube is underestimated
by theStandard-e model. The reason for that, as the authors claim is thekweiln

overproduction of tunblent kinetic energy, which leads to the flow approaching the stagnation
point. Overprediction of turbulent kinetic energy would lead to an increased turbulent exchange
downstream of the stagnation region which subtends separation. Having said thalinstsesam

the lee inFigurel1.1.2 show that the length of recirculation region is highly overpredicted by
Standardck-e.

—————————————— — Presentwork

Figure 1.12 - Streamlines in the plane of symmetry, surface mounted cube for wind tunriheaoturbulerce
model proposed an8tandarck-e(Ehrhard & Moussiopoulos, 2000)



This shows a low level of turbulence, which indicated 8tahdardk-e model incorrectly

predicts the production of turbulent kinetic energy in wake regions.

Hama et al. propose a numerical code with unstructured tetrahedral grids on finite element flow
solver (FEFLO) that is used to simulate flow within obstacle array configurations consisting of
simple cubical element{slanna, etl., 2002) This study shows that the numerical simulations

could capture the general flow and turbulence within 4@84gin of errolon average.

Wright and Easom present a comparison of CFD agailistdale results over a building
nonlinear ke model is implemented for this stu@right & Easom, 2003)The authors claim

that the noflinear ke model will result in a better account for the production of turbulent kinetic
energy and the anisotropic nature of theulegbce. For the simulations, commercial CFX
softwareis used on a-tn cubic building. The cube is exposed aafd 43 to the wind. The
roughness length is set to 0.@1to representountry open spaamnd the cube walls were given

a roughness length edqua 0.005m. Velocity at building height is set to 10 m/s at the inlet. Four
turbulence models includirgk-e based model, developed Murakami MochidaandKondo

(k-e MMK), Re-Normalization GrougRNG) and theStandarck-e model and th®ifferential
StressModel (DSM) were tested for both wind directions on the cube. Thdéimear expansion

of the Boussineshypothesis used ifWright & Easom, 2003)ncorporates the best features of
both the DSM and th8tandard-e model. The features are listed as numerical stability of
Standardk-e and the ability of modeling anisotropic turbode, as in DSM. The authors

conclude that despite the improvements thelivaar ke model offers to the wind simulation,

significant errors were found in the prediction of the pressure distribution.

Zhang et al. provide numerical model with the RNGekturbulence closure to examine three
different building configuration effects on wind flg@hang, et al., 2005)The results are
compared to experimental dafal50 scale models tested in low speed wind tunnels were
chosenThey suggest that changing wind direction from perpendicular to the buittiade to

45°-incidence angle has a significant effect on the flow field for different configurations.

Boundary conditions used (Zhang, et al., 2(8) are
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in whichw , [ andOare the wall coordinates, the von Karman constant adstant

respectively. The wall coordinate is defined aso M w 7t ando Z m

(Zhang, et al., 2005)oncludes thafbor the locations experimentally tested, computational results
are generdy in good agreement with the wind tunnel results. Moreover, CFD results are faster
and more economical telse wind flow. Building layoustrongly affects the wind flow. The
authors suggest the use of such study in the design phase of the process theointgroved

building arrangement.

Blocken, et al. studthe CFD simulation of ABL flow, focusing omall functionroughness
modifications based on experimental data for sgnaih roughened pipes and channels that are
applied at the bottom of the cpurtational domairiBlocken, et al., 2007)'he authors

investigatehe problem of accurate CFD simulation of ABL flow. The modifications proposed
are applied to commercial CFD codes including Fluent 6.2 and ANSYS CFX(Bm6ken, et

al., 2007)argues that the problem with ABL flow simulation with such commercial software
packages is the unintended strearse gradients in the vertical mean wind speed and turbulence
profiles as they travel throughe computational domain. That is the acceleration of horizontal
wind speed near the ground as wind passes through the domain. This issue can be partially

responsible for the discrepancies that are found further into the domain.

Wind speed conditions passages between parallel buildings and effeatadiffunction
roughness modifications for the atmospheric boundary layer flow usinga@eldnein another
studyby Blocken et al(Blocken, et al., 2007Authorsvalidate tle predictions by comparing the



resultsto wind tunnel measuremen(&locken, et al., 20073Iso studies the effect of well

known physical and fluid dynamics phenomena in urban terrain su¢hrdaurieffect.

Huang et al. preent a numerical study of wind effects on standard tall buildingy dépgloy

LES, RANS modeletc. to solve wind field around the building and comparison to experimental
data gathered in the wind tunnel is the follow(Hpiang,et al., 2007)The main objective of

(Huang, et al., 20073 to find an effective and reliable approach for evaluation of wind effects

on tall buildings by CFD techniques. Seven different wind tunnels were used to findiexten
experimental data to validate and compare the CFD results with. The authors claim that the LES
with a dynamic subgridcale (SGS) model can give satisfactory predictions for mean and
dynamic wind loads on the tall building, while the RANS with modifiens can yield

encouraging results in most cases and has the advantage of providing rapid solutions. Features of
the flow field around such buildings can numerically be captured. It is necessary to correctly
simulate both the incident wind velocity piefand turbulence intensity profile in CFD
computations to accurately predict wind effects on tall buildifigsang, et al., 200 thakes
recommendations on CFD technique and associated numerical treatments for designess to acc
wind effects on a tall building and for detailed wind tunnel test. Fluent software package is used
for the simulations in this study. Four typical turbulence models are us@duang, et al.,

2007) which are Standardk-e, k-e with Launder and Kat@_K) modification, ke with MMK
modification and LES. MMK is not provided in Fluent and therefore the authors added this to
Fluent through a User Defined Function (UDF). Reynolds number of the flow is shown to be
high (>1F). One noticeable thing about the simulationgHimang, et al., 20073} that they use a

powerlaw function to follow inlet velocity profile of ABL flow.

Kinetic energy of turbulence and its dissipation rate at the inlet secéaalzulated per the

following equations:

v, 0 it v,

Q c Y O (1.18)
.7 Qf

X 67— (1.9

in which™ is the mean velocity at inlef)s the turbuknce intensity andis the turbulence

integral length scale, which is measured to be 0.58 at the model height, in two wind tunnel tests.



(Huang, et al., 200 ecommends choosing the height of the first boundary layer@/800

(O is the width of the building) and this will ensure the wall éni&5.! A grid dependency
study was performed for the simulations as well for meshesp&jth p T o® p 1t grid
number for the computations by the RANS and th& LEhis study concludes thatandarck-e
model undeipredicts the drag force coefficiemt by about 20%. Moreover, it finds the wind
flow predicted is in steady state, even thougbsblved in transient mode, which clearly is
incorrect with the Rgnolds number range of larger thart. k-e model with LK modification
improves the results @ prediction to an error level of less than 5%. MMK model even gives
better results than LK and finally LES gives the correct answer for drag coeffiorent
turbulence Standardk-e model excessively ovaaredicts it with an unrealizable turbulence ratio
calculated in the impinging region and wake region. Small separation bubble but large and
downstream arch vortex prediction is the result of-grediced turbulent viscositfMurakami,
1998) LK model reduces the owrediction, though it is still there, in the wake region, and
MMK performs better than the other two. The authors conclude that although results obtained by
CFD are encouraging, wind tunnel measurements are indispensable for the wind effects on

buildings and structures.

Thecomparison between select RANS models are presented for multiple cas€gdste, et

al., 2007)in Figurel.13. The RANS models used (iYoshie, et al., 2007gre Standard-k,
LaunderKato (LK) k-eandRenormalizatiorGroup (RNG) k-e. These figures compare the
RANS to experimental scalar wind velocity.&tind speed is normalized according to the wind

speed at the same height when there is no buildiegwind speed increase ratio).

For regions where there is high wind speed increase ratio, 1.0 or more, which the pedestrian
wind environment predictiois of interest, the error margin is within 10%. However, in weak
wind regions, this error margin increases. In these regions, the wind speed is found to be less
than what experiment shows. Moreover, in comparison between modiéietkels to Standard
k-g, in strong wind speed the modified ones perform slightly better. Though in low wind speed

regions, Standard-&is the better model to be used. As far as the reattachment length behind the

Ly*is a nondimensional distance.



building is concerned, modifiedd&modelsfind it longer than the Standardek Wind tunnel

experiments are conducted to validate the CFD predictions.
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Figure 1.1.3 - Comparison of CFD redts and wind tunneheasuremas of wind speed ratio fdahe isolated
building by Yoshie et a{Yoshie, et al., 2007pr steady RANS witBtandardk-emodel, steady RANS with LKek
model, and steady RANS with RN@rkodels.

Zhang and Gu present numerical and experimental sfusiind-induced interference effects on
pressure distributions on a building adjacent to another one in staggered arrarigbaren®

Gu, 2008) RANS using renormalization group (RNGEkurbulence model is used and
comparedd wind tunnellow-speed boundary layer wind. They report a general good agreement

of pressure, baderce,and base moment coefficients in different wind directions.

Various studies on effect of turbulence modeling techniques on predicting wind flowd @oun
high-rise buildinghave been conducte8uch as the work dfominaga, et aJ(Tominaga, et al.,
2008) that compares CFD results with various revised modelseadrid LES and applied to

predict theflow around a higkrise building.Amongst the models used, which are LK model,
MMK and Dur bierfTorsinagageval.,2@08ugdestDur bi nd s-emoelel i sed
performs the bestompared to experimental dafiche studysuggests that the reason for the

good performance of t healizdbilty dbthempiedictedresdles.IMore s
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on that, LES is also deployed to such flow simulation, with and without inflow turtel& he
results are compared to Durbinds model and ex
in terms of the distributions of velocity and turbulence energy. LES produces the flow behind the
building better due to the fact that the periodic veldtitgtuation behind the building is better
reproduceqTominaga, et al., 2008)

Tominagaet al. in(Tominaga, et al., 2008)ve Architectural Institute of Japan (AlJ) guidelines
for practical apptations of CFD to pedestrian wind environment around buildings. These
guidelines are the summary of important points in using the CFD techniques. They are based
upon crosomparison between CFD predictions, wind tunnel test results and field

measurement®r seven test cases.

The validation process for CFD simulations of wind around a building with large number of
simulations, investigating wind comfort at the pedestrian level is carried deitsr(Reiter,

2008) The sinulation and validations are carried out usikigSY S Fluent and the comparison is
made between simulated results and wind tunnel Rettertakes single stardlone building,

two buildings in the domain to find the interaction between the two and urbatasons. This
study also tried to optimize the choice of various modeling parameters such as grid resolution
and turbulence model used for simulations. At the end, it gives guidelines for numerical wind

modeling to gantify wind discomfort levels.

Onrething to be noticed is the computational domain size, which must be large e(ftraghe,

et al., 2010pivesapractice guideline for the CFD simulation of fluids in an urban environment.
(Frankeet al., 2010uses several turbulence models includitgndardk-e, Realizable ke,
renormalization group-k model for pressure on buildings and Reynolds stress model (RSM)
with and without wall damping. The problem with ld®e ke model is that it preicts the wrong
behavior fork ande near the solid wall boundary. And therefore, klsnde equations are

modified using algebraic functions to damp certain terms. Classic model of such functions is

Launder and Sharma model which is as follows

W ph™Q p MQ hQ Q 8 (1.110)

in which
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2R mQ (1.111)
(X
As far as thelomain size is concerned, if the height and width are not too diffgfafif 1997)
gives recommendatiorier single buildings. Otherwise they use a domain heighta&gand
the sparwise extent is determined by applying tepect ratio of the building to the domain

(Blocken, et al., 2004)

In front of the building they use a minimuriaxand behind the building enax. For multiple
buildings,(Blocken, et al., 2004oroposes the wind tunnel dimensions that the experiments done

for validation are performed in.

Von Hooff et al.investigate 3D simulation of wind flow and WDR shelter in sports stadia and

the influence the stadium geometry has on dlasth These simiations includesimulation of 12
generic stadium configurations for both wind flow and wittoven rain. The WDR is carried out
using Lagrangian multiphase flow. Alongside of influence of stadium geometry, roof slope effect

is studied. This study also gguidelines to such simulatiofsn Hooff, et al., 2011)

An et al. investigateensitivity study of inflow turbulence profiles on downstream wind velocity
and turbulent kinetic energy profil€an, et al., 2013) This study useRealizable ke turbulence

model and is validated by wind tunnel measuremdiftis is done within the street arrays of

urban environments. The results of the study show that turbulence is internally generated by the
upwind building obstacles. Moreover, the shape anghmizde of downwind velocity and

turbulence profiles are not greatly affected by different input turbulence profiles deviating from
the baseline turbulence profile. This study finds that even with a significant deviation (50%) in
magnitude from the inflowurbulent kinetic energy profile, there is less than 15% difference in

the wind speed and turbulent kinetic energy in the downwind region of the urban area.

3D steadyRANS CFD for predicting mean wind pressure distributions on windward and leeward
surfaes of a mierise building with and without balconies is done(Montazeri & Blocken,

2013) This study shows that RANS can accurately reproduce the mean wind pressure
distribution across the windward fagade of the buildingpde its limitationsMajor factors
influencing windinduced pressure distribution are identified to be apprflashconditions,

urban surroundings and building geometry. More on that, the fodi¥ooitazeri & Blocken,

2013)is on the facade details and how balconies as a major game changing detail can influence
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flow pattern and the overall pressure distribution on the facade. For that, reskuoailding

with and without balconies are studied. Wind tunnel measuremenisedeas well as grid
sensitivity analysis to validate the results. Since building balconies can introduce multiple areas
of flow separation and recirculation across the facade, they can lead to very strong changes in
wind pressure distributioriMontazeri & Blocken, 2013)eports the average deviation from the
wind-tunnel measurements are 12% and 10% for the building with and without balconies,
respectivelyThe authors useommercial CFD code Fluent 6.3.26 to perform the sitiaria.

3D steady RANS equations are solved with Realizaldenodel by Shih et a[Shih, et al.,

1995)

Simulation of wind flow around an isolated building using various types of RANS turbulence
modelsis done byTojaSilva, et al., 2015)The authors clen that due to temporal and
computational ease of use associated with RANS, they are widely used, though they are highly
sensitive to turbulence parametrization chosen and the results can vary according to the
application.This articleuses OpenFOAM to siatate the wind flow around a stasatbne

building and compares the results with benchmark experimental data. It performs a grid
dependency analysis to confirm the numerical accuracy of the simulationsisb&tworthy

in the studyis that amongst allhe cases and models that successfully pass a validation criterion,
are analyzed at different regions of the building roof, and the most accurate RANS models for
the modelling of the flow at each region are identifille models used are Standard, PBurbin

k-e (Durbin, 1996) DurbinTominaga ke (Tominaga, et al., 2008Purbin-New k-e, Murakamt
MochidaKondo (MMK) k-e (Tsuchiya, et al., 1997k-e RNG (Yakhot & Smith, 1992)linear

k-eby Yap(Yap, 1987) Nonlinear ke (Shih, et al., 1993and kw SST. On top of that, three

sourcecoefficient sets for the lineard&kmodels are chosen

Kim et al. studwind-induced interference effects on witwhds on a couple of buildings in a
series of wind tunnel tes(Kim, et al., 2015)This study is done on typical tall building models
using a pressure measuremeachnique. The authors, consider five types of adjacent building
models, with height ratidH; = 0.5, 0.7, 1, 1.5 and 2) in different wind anglés0085% in 5°
steps. Whais discussed ifKim, et al., 2015)s aerodynamimterference effects on base

moments and local wind forces along nine height levels of the principal building.

13



Joubert et al. simulate the turbulent flow around a surface mounted rectangular prism
computationallyJoubert, etla 2015) The authors us8palartAllmaras improved delayed
detached eddy simulation (IDDES) turbulemaodel to solve the flow. What noticeable is that
All-y" treatment is used to numerically reproduce the flow features around a rectangufar cross

sectional beam. Wind tunnel comparisorused to validate the results.

Cui et al.in (Cui, et al., 2016investigate mterunit pollutant dispersion around a mstory

building in two wind directions (zero and 4Bgtees) uag CFD and validates the resudtgainst
experimental data with presence of an upstream building in different h€igbhiset al., 2016)

claims that previous studies on interit dispersion are limited to isolated buildind@ée results

of thisstudyshow that the presence of an upstream building significantly changes the path lines
around the downstream target building and the pollutant transportation routes around it. It also
claims that the presence of a low upstreamdingl also greatly increases the average air
exchange rate (ACH) values and the pollutargmiy ratios R¢) on the leeward side of the

downstream building for oblique wind incidence.

(Mooneghi & Kargarmoakhar, 2016yesens a study on arodynamic mitigation techniques
applicable to lowrise and higkrise buildings and aerodynamic shape optimization techniques
for reducing wind loads on tall buildings are presented using CTkid.articlecites past and

recent work on variougerodynamic mitigation techniques developed for reducing wind loads on
buildings by modifying their shapes and/or adding simple architectural elements. More on that,
(Mooneghi & Kargarmoakhar, 2016ses kw SST turbulence model for all the cases that are

run transiently with 20 m/s uniform inlet velocity. The reason is claimed to be its proved ability

for modeling detached flows with periodic vortex sheddiDgtalano & Amato, 2(g).

Blocken et al.eviewthewind tunnel and CFD techniquasd their accuracyp determine
pedestriarlevel wind speedaround buildinggBlocken, et al., 2016Per this study, generally,
pedestriadevel wind (PLW) simudtion is done using methods such asviioé or hotfilm
anemometers, Irwin probes or sand erosion which aretstv Keeping in mind that the use of
LaserDropper Anemometry (LDA) and Partielenage Velocimetry (PIV) is less often because
they are morex@ensive. Same for CFD modeling, with l@m@st RANS being widely used and
LargeEddy Simulations (LES) left untouched due to larger complexity and cost. With
amplification factor defined as the ratio of local mean wind speed to mean wind speed at the
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sameposition without buildings preser{Blocken, et al., 201&)laims that there are studies that
show the lowcost wind tunnel techniques and steady RANS simulations can provide results

within 10% margin of error for high ampidation factors (>1) and low accuracy for low

amplification factors.

(b) L @© (h)

(©) (0 (1)

Figure 1.14 - Flow patterns around building models obtained with smoke technique, Realizable(turbulence
model and Standarkl wturbulencemodel (a,d,g) roof pitch of 25(b,e,h) roof pitch of 30 (c,f,i) roof pitch of 45
(Ozmen, et al., 2016)

Ozmen, et al. investigate the turbulent flow fields on the-t®& building models with gabled

roofs haing different pitch angles immersed in atmospheric boundary layer experimentally and
numerically(Ozmen, et al., 2016Y hey claim that the mean velocity and turbulence kinetic
energy profiles are influenced by the roof pitRecirculation regions occur on the leeward part

of roofs and at the back of the model, due to flow separatidmoabpitch causes more critical

suction on the roofs than those of thé & 45 roof pitchesFigurel.14.
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The authors claim that Realizableskurbulence model used in this study exlsbitoetter
agreement at the prediction of mean velocity and turbulence kinetic energy. Stamdard k
turbulence models exhibit better agreememhatprediction of mean pressueefficients.

Models of the Belgian Building Research Institute test building with a scale of 1:100 were
studied with 18 3 and 45 roof pitches for the wind direction of @d~low visualization,
measurements of velocity and surface pressure aroumadadttiels placed in wind tunnel were
made.Largest values of turbulence kinetic energy in this study for entire flowdrelidund to

be at height of the roof level and they prove the presence of the mixing layer between the free

stream flow and reverseofl region.

As mentioned at the beginning of this section,-saltwith aspects in the literature include
presenting a statef-the-art, comparison between turbulence models, discussion on the solver
used, different wind parameters and wall treatmeritis fhesis targets all those exceptdor
complete statef-the-art, nor does it include a discussion on the solver used for the simulations.

1.2 Wind-Driven Rain

Rain can be defined as particulate liquid water formed in a cloud heading down to the surface of
Earth(Blocken, 2004)If wind and rain happen at the same time, the trajectory of the raindrops
deviate from the verticdhll in midair and develop a horizontal component which is vdriden

rain. On the importance of ¢l study, it should be mentioned tN¥DR is one of the major

causes for moisture damages to building facade in urban andlzam areas with high amount

of precipitation. The accurate quantification of WDR loads on builtéiggde is importanfor
estalishing designs that minimize moisture related isslibss, in particular, is accentuated in
coastal climates, such as that of British Columbia, Canada. Multiple tesbhesiamed are

moisture induced salt migration, structural cracking due to moistuneeatration, etc. which are
results of porous material builth and water runoff which is due to WDR its@&foisture

damage to porous materials are freeze/thaw damage, staining, etc. Wood frame construction will

suffer from moisture damages, in formsdeicay and mold growth to name a few.

There are three major categories to the quantification of WDR, which areioainmeethods that
are based on CEDn-site measurements, and seempirical methods. There are advantages and

disadvantages to each of themtioned evaluation categories. The focus of this study is the
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former, and the results are validated against wind tunnel measurementsitel WDR

measurements, for a building located in Vancouver, British Columbia.

1.2.1 Experimental Methods
Blocken and Carmdliet suggest that due to possible large margins of error, high levels of time
consumption as well as costliness, this method is not viable all théBlotken & Carmeliet,
2007) Aside from whatiscussegthe fact that the gtication of limited measured cases to other
cases is most of the time rfeasible is another reason to reconsider the use «fiten

measurements.

1.2.2 SemiEmpirical Methods
For the mentioned facts about experimental methods;aemirical methods stadeo be
developed. Ease of use and generic data provided by them are the advantage and disadvantage of
thesemethodsrespectivelyThese methods are based mostly on climate condipansally
addressinghe shape, and details of the building and tdiaygtde, not to mention the building
surrounding buildingg n a | i mi t ed f ashi on. Foringiance uS@hasdi ob st r
standard, providealculation procedures faix different simplified building geometrieghe
semiempirical model by $aube and Burnett (SB) is another example of such methods.

1.2.3 Numerical Methods
These methods solve the myptiase governing equations of the wind and rain occurring
together. By choosing Lagrangian frame of calculation or Eulerian, numerical solutions to
governing NavietrStokes equations using Computational Fluid Dynamics is divided into two
main categories. In the former, predominantly the wind is solved beforehand and raindrops in
different sizes are injected into the flow in planes that downstream ¢mv&rget facade. And
the latter takes every raindrop size on top of the wind to be a distinct phase and solves the whole
multiphase flow simultaneousl$everal studies have validated both the traditional Lagrangian

method of simulation and the relativelgw form of solution of WDR, Eulerian.

1.2.4 Literature Review
This section reviews noteworthy works related to WDR simulakoom rain parameters,

different numerical methods to solve for WDR motion and deposition and multiple measurement
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techniques, to blding and surrounding characteristics, this section cites works related to current

thesis and shows the areas that lack adequate study.

Blocken and Carmeliet conduct a review of WDR research in building sqBloaken &
Carmelet, 2004)which also describes the principles of each method of quantifying WDR. The
authorsn a differentstudy,(Blocken & Carmeliet, 2002present a numerical method to
determine spatial and temporal distribution of mhgvrain on buildings. This method is based on
a fourstep steadgtate simulation technique by CH@hoi & CSIRO. Division of Building,
Construction and Eng., 199%hich is as followsFor the calculation of WDR, the authors
suggesto first solve the steadgtate wind flow around the building using a CFD code. After
that, raindrop trajectories are to be obtained by injecting raindrops of different sizes in the
calculated wind flow pattern and solving their equations of mofiblen comes the calculation

of specific catch ratio followed by catch ratio calculation from the specific catch ratio and size
distribution of raindrops. Bedby using empirical formulacalculates raindrepize distribution

in an air volume with the rafall intensity as a paramet@est, 1950)shown inFigure1.21.

The method developed {Blocken & Carmeliet, 200Zpkes building geometry and climatic

data at the building site as inp(Blocken & Carmeliet, 2002y entifies three major reasons for

the patterns of WDR wetting the building facade which are sweeping of raindrops towards the
vertical and top edges of the facade and shelter effect by roof overhangs and means of protection.
The article applies the same method to transient rain eventsgthiboeaking the transient time

interval into a number of equidistant time steps, and takes each of them to bess&adyhis

way to each of these subevents, a measured value of wind speed and horizontal rainfall intensity

is attributed.
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Figure 1.2.1 - Raindropsize distribution in an air volume with the rainfall intensity as a param@&est, 1950)
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Figure 1.2.2 - Catchratio /7 as a function ofeferencewind speed kW and horizontal rainfall intensity (Ror (a)
position 1 and (b) position @Blocken, 2004)

The steadystate calculation is only done for limited number of wind speed ariddamtal

rainfall intensity couples, shown kigurel.22. (Blocken & Carmeliet, 20023lso suggests a

linear interpolation for the calculation of unknown catch ratio of an unknown couple of wind
speed and horizontal rainfall intensity, at a certain time step. Catch ratio of the unknown time
step is found from the catch ratio for each of the experimental time steps that are comprised in
the set time sted@he numerical results i{Blocken & Carmeliet, 2002)re validated against

full-scale measurements.

A few years after, Blocken and Carmeliet publish an article to study the effect ebleiridng

effect by a buil di ng o(Blockeh &Cafmalieta2006bhetermmx pos ur e
Awi-mldocki ng ef fect o -flowpakernsdue tothecpbrgendgwarwah wi nd
boundary, the building, correspondidigpp in windward velocity fieldvithin cerain proximity

to the building(Blocken & Carmeliet, 20069hows that the winllocking effect is one of the

main factors that gove the WDR distribution pattermd consequently, concluding that high

rise buildings do not necessarily catch more WDR thanrrisgbuildings. This study deploys
high-resolution experimental WDR database of a-ltse test building in Katholieke

Universiteit Leuven. Powdaw exponent for the terrain under study is found tg ber® Xx.o

The data is gathered at ariin basis rate, whicts needed for high quality of experimental data,

to achieve accuracy and reliability. The authors conclude that WDR intensity on the building
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facade is lower than same intensity at the same location in the space with the presence of the
building. They attibute this to the blocking effect of the building. They claim that blocking
effect increases when both height and width of the building increase.

(Nore, et al., 2007gives a datasetf WDR measurements on a lavge test buding in Norway.

The authors comep with a model development and model validation using enough information
on database (ample size of database). The content includes d#gategdtion of the building,

its surroundings, and the meteorological statioDRAmeasurements are done in free field
conditions, which include wind speed, wind direction, horizontal rainfall intensity, temperature,

relative humidity, and error estimation for the WDR measurements.

Briggen et al. study the numerical simulation antsge/ity analysis of WDR on the facade of a
monumental towefBriggen, et al., 2009)The focus of tharticleis rather on the validation of
numerical results and the sensitivity of them to the level of geometrical detHiking
computational building model and the upstream terrain aerodynamic roughness lergjth. On
WDR measurement dataset is used to validate the numerical simulation b{BTi§DBen, et al.,
2009)shows that local effects geometrical facade details can make differences up to 40%, at
lower positions, while leaving negligible at the upper parts of the facaddainog chosen for
inlet velocity profile. Realizable-k model alongside standard wall functions by Launder and
Spalding(Launder & Spalding, 1974% used in(Briggen, et al., 2009)The height of the wall
adjacent cell is taken to be 6 m for tetrahedral cells, corresponding to a midiruatue of

1.5m. (Briggen, et al., 2009tudies the sensitivity of the results to aerodynamic roughness
lengthw . Commercial CFD software package Fluent 6.3 is used to solve the RANS equations.

For the boundary conditions, the followiare taken for inlet turbulence parameters:

P

Q6 c 08Y & (1.212)
.0
O Te o (1.22)

in which "Ois the turbulence intensity afd & is the inlet velocity profile. A comparison of

numerical and experimental data is showFRigurel.23.
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Figure 1.2.3 - Spatial dstribution of the catch ratio on the monumental tower. The experimental results at the
locations of the windliriven rain gauges are shown on the left, the numerical results are shown on the right
(Briggen, et al., 2009)

Theauthors report a range of 14% to 30% for the upper part of the tower facade, and consider it
a fair agreemeneven thouglsimulation underestimatéise amount of WDR by more than 50%

for lower parts. The underestimation is attributed to exclusion oflembe dispersion of the
raindropsfrom the simulations, especially for the lower part offigade of high buildings.

Inclusion of facade details for measurement points close to the details have resulted in up to 14%
improvement in the results. WDR igaated to be quite insensitive, with differences less than

10% to changes in upstream aerodynamic terrain roughness dengiinging from 0.5 mto 1 m

and 2 m. That is when different inlet mean wind speed profiles are matched at the height of
interest, the height of measurement point. Otherwise, authors claim that changes will probably be

significant and a correct estineadfw is important.
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Blocken and Carmeliet outline and review three stétthe-art wind-driven rain assessment
models and compare them based on model th@bogken & Carmeliet, 2010 Semiempirical

model in the ISGtandard for WDR (ISO), the seimmpirical model by Straube and Burnett

(SB) and the CFD model by Choi, extended by Blocken and Carmeliet. A detailed overview of
the three models, including new insights in similarities between these models and reldtions wi
recent research results are presentéBlocken & Carmeliet, 2010)Thisarticleshows that
influencing parameters of WDR implementation is most highlighted for the CFD model, less for
ISO model and the least for SB. Téethors claim that the overview and the comparison in
(Blocken & Carmeliet, 201Q)rovide the basis for future comparison studies and future

improvements of the serempirical models.

Blocken et al. maka comparison betwearalculation models for WDR deposition on building
facade (Blocken, et al., 2010The models compared are the same as ones studigldaken

& Carmeliet, 2010)Authors of thisstudyapply moded, such as ISO, SB and CF,simulate
wind and rain on fourdentical buildings under steadyate cadition.

Blocken, et al., investigatbe application of CFD in building performance simulation for the
outdoor environmer(Blocken, et al., 2011)rhisstudyinvolves background, need for CFD,
overview of some past CFD studies. It also inclugleéscussion about accuracy and some
perspectives about practical application on various phenomenon including pedestdan wi
envionment around buildings. As well, it featul$R on buildingfacade, convective heat
transfer coefficient at exterior buildifigcade and air pollutant dispersion around buildings. On
top of all that(Blocken, et al., 2011discusses the advantages and disadvantages of CFD.

PérezBella et al. combinéhe use of WDR and wind pressure to define water penetration risk
into buildingfacadea (PérezBella, et al., 2013)Thisstudyis done for a cas@iSpain. New

index is defined to measure the penetration (RB&rezBella, et al., 2013yombines two
atmospheric exposures that are WDR and the action of wind pressure simultaneous with
precipitation or driving rain wind pssure (DRWP)Moreover, itpresents a risk index map.
Ultimate objective ofPérezBella, et al., 2013 improvemenbn thecurrent Spanish building
regulations governing the design of facades against the penetration gblanosvater.

Huang and Li perform numerical simulations of wididven rain on building envelopes based on

Eulerian multiphase model (EMHuang & Li, 2010) This study uses the Eulerian multiphase
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model which unlike Lagrareggframe based models, simplifies the evaluation of WDR
parameters, as well as the boundary condition treatments. It also offers a higher efficiency in
transient state of WDR prediction. Using a numerical exanfidleang & Li, 20D) validates the
prediction of EM with experimental and numerical data.

Kubilay, et al. simulate and valida#éDR on a building facade with a Eulerian multiphase
model(Kubilay, et al., 2013)The validation is done for awer building. The authors attribute

the deviation between the field measurements and the model results to low rainfall intensity and
wind speed to absence of turbulent dispersion. Eulerian multiphase modeling (EM) advantages

are presented i(Kubilay, et al., 2013as well.

In another study, Kubilay et al. use the same model @&uilay, et al., 2013and addresses the
lack of numerical studies on the WDR intensity in generic and idealized miltding
configurationgKubilay, et al., 2014)Thisarticlesolves WDR on an array of 9 lerse cubic
building models for three different wind directions. Aside from the use of EM modeling,
turbulent dispersion of raindreps counted in. For the validation of the simulations, data from
field measurements iDUbendorf Switzerland are deployed after two rain events with different
characteristicgKubilay, et al., 2013jinds the influence of ttbulence dispersion for raindrops
to be lower than 3% for both rain events. It also sees that even though the maximum WDR

intensity is lower on théacade, the whole building is exposed to up to 57% more WDR.

Figure 1.24 - Catch ratio distribution orfacades and roofs of all cubes for the reference wind speed U = 5 m/s and
the reference rainfall intensitysR 1 mm/h for wind from a) west and b) southwéstubilay, et al., 2014)
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Figure 1.25 - Streamlines and contour plot of the wind flow in the a) vertical cgritere for wind from west, b)
horizontal plane ay = 1 m height for wind from west, c) hooiztal plane aty = 1 m height for wind from
southwest. Streamlines in b) and c) are petge on the horizontal plane and hence have nebbptane component
(Kubilay, et al., 2014)

Mohaddes Foroushani et al. study the @ft# roof overhangs on windriven rain wetting of a
low-rise cubic buildingMohaddes Foroushani, et al., 2018his studyfocuses on the numerical

side of the investigation. The effect of various sizes of overhang on thedvwwen rain wetting

of a lowrise building for various wind and rain conditions is studied. Validation of the results is
done against experimental and numerical data provided in the litef@loteaddes Foroushani,

et al., 201%introduces a new global measure to quantify the effectiveness of overhangs in
protecting facades from WDR. The authors use Commercial CFD code Fluent to find the steady
state solution to RANS equations governing the wind and introduce raindrops ke diomain

and track the trajectories. Powaw inlet velocity profile alongside Realizableskvith standard
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wall functions is deployed for the simulations. Lagrangian particle tracking of raindrops are
performed with a fourtlorder RungeKutta integréion scheme, alongside a foutinder curve

fit to the drag coefficients for falling raindrops which is as follg@sinn & Kinzer, 1949)
116 mrovay mnit qcudv ™ X cp P& T @iq p& 0O (1.23)

inwhicha 1 T ZA . These parameters and functions used for Lagrangian particle tracking
are deployed in current study as well. The authors choose the following inlet turbulence kinetic

energyparameters for the simulations, proposedBigcken, 2004)

q 2 (1.24)
= .

o

©Th o (1.25)

Geet al. use a sistory building to quantify the effectiveness of overhang on the reduction of
WDR (Ge, et al., 2017)This midrise building is subjected to fieldeasurement3he

effectiveness of overhang is evaluated using similarity and symmetry approaches which shows
goodagreement. This study investigates the spatial distribution of WilRiilding facade with

and withoutoverhang. In addition, the effectiveness of therbang is studied with respect to

wind speed, wind direction and rainfall intensity. The measurements done suggest that larger
overhang provides greater protection, i.e. higher effectiveness. Moreover, from the side edge to
the center of the facade, thdéeetiveness increases. Another observation made from the
measurements ifGe, et al., 2017k that with the distance from the roofline, overhang
effectiveness decreases with a smaller gradient for the larger overhang. Alsifethiveness
increases for oblique winds, though it decreases with an increase in wind speed. This study
concludes that overhang provides a shelter which decreases as wind speed increases. The reason
for that is stated to be that the trajectory of rempd become more inclined and the sweeping

effect becomes more significant.

As discussed, simulation of WDR on a meditise building is rathescarcdn the literature. A
detailed study of how different schemes including the choice of inlet velocitjepaifoice of
turbulence model and effect of surroundings on the simulations, alongside the discussion on how

each of those choices will affect the predictions in each region of the windward fagade of the
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mediumrise building is lacking. WDR is parametegd in various regions of the facade with

variation of wind speed, rainfall intensity awthd direction

1.3 Overhang
There are multiple architecture phenomena that will alter the wind flow and consequently the
deposition of rain on the building fagade, cargd to a generic cubic flat building. Cornices,
gabled and pitched roof, insgirnersand balconies are some of many. Amongst all, one that is
predominantly dedicated to facade protection in coastal regions is overhang. Deflection,
drainage,dryingandecay resi stance are identified by Ha
wall design(Hazleden & Morris, 1999)The authors claim that deflection is the first line of
defense for the wall system and roof overhang is the pyinaar deflection apparatus.

1.3.1 Effectiveness of Overhang
In Southern British Columbia, a field survey on building envelope failure shows that walls
protected with wider overhangs have less destructive igsigeshfield, 1996)Ge and Krpan
show that the analysis of WDR data indisdteat the WDR exposure of a building site is
significantly influenced by the local topography and surrounding buildings and ofiject
Krpan, 2009) Moreover, equippig a fagade of a lowise building with 0.30.6 m overhang can
reduce the impingement of WDR by about 4 times and one and a half times foishigh
buildings, for a small overhang. The authors claim that since the higher amount of driving rain
received byhigh-rise buildings is due to the high rain deposition at the upper part of the building,
an overhang may be effective for higke buildings in coastal climates.

Blocken and Carmeliet conclude that the shelter effect of the roof overhang increases as th
overhang length increasélocken & Carmeliet, 2002)Jsing CFD as discussed before, they

claim that near the vertical edges of the sloped roof module, the sweeping effect of drops, both
sideward and upwards, diminishes ghelter effect and the line separating sheltered and non
sheltered area (shelter line) shows an upward curvature. Also, at the roof edge of the fagade, not
employing protection would give rise to high specific catch ratio values. The occurring of the
highest values of catch ratio are said to be at the top and side edges; and with the presence of a
roof overhang, just below the abrupt transition of from sheltered tsineltered aredBlocken

& Carmeliet, 2002klaims that theshelter provided by roof overhang decreases as wind speed
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increases, as the trajectories are more inclined and the sweeping effect becomes more.important
It also claims that shelter decreases as the raindrop diameter decreases, although this is less
pronauinced than the influence of wind speed. Althquaghdiscussed previously, overhang is not
the objective ofBlocken & Carmeliet, 2002and the main conclusions. Moreover, dependency
of the shelter effect of the overhang tanfall intensity is not presented in teudy Above all,
overhang is not parameterized to be studied asaipart of the ardtecture of the test building.

In the experimental methodsfofding WDR, thework of validation of CFD simulation of WDR
onlow-rise building,by Blocken and Carmeliet examind® CFD simulations to determine the
spatial and temporal distribution of WDR on the facade of arlsgvbuilding. This study
incorporates facade details, such as overhang in different sizes, pitchiéat amof simulations.
Though the overhang on the test building usg@iacken & Carmeliet, 2002} a part of the
building and not a target of the study.

Abuku et al. perform a CFD simulation of WDR for a rectangulariige test buildingAbuku,

et al., 2009) They use three different rain events with oblique wind directionsseale

measurements were used to validate the predictions. They find the results to be quite satisfactory
with sigrificant discrepancies near the roof overhang and near the downwind edge of the facade.
The authors attribute the differences downwind to the difficulty of accurately predicting the
raindrop impact position at this location for oblique wind. Moreover, timelyturbulent

dispersion being partially responsible for the differences.

A few other studies such @¢lohaddes Foroushani, et al., 20149 discussed before, investigate
the effectiveness of the overhang more in depth, nioall, and experimentall{Ge, et al.,
2017) Lack of proper boundary treatment in the former and the experimental nature of the latter

results in the necessity of the aumn t  tfdeus pairtiallp on the subject matter.

1.4 Summary of Literature Review
Various papers and studies target different turbulence modeling techniques in variety. Point left
out in a lot of those studies is the comparison between set techniques, on wind and WDR
simulation. Specifically, as different modgdredominantly perform differently in different
regions of a domain of a ABL flow, the discussion on which of those modeling techniques is a

better fit is missed.
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In high precipitation areas, field measurements are done in abundance. Even thoughrige missi
parts on that are shortage of parametric study on catch ratio. Predominantly, the effectiveness of
overhang is rather missadthe literature. Same issue is found with the effect of facade details

on catch ratio.

Current thesis addresses the lack ofer parametric study of effectiveness of overhang for a
mediumrise building suburban area. The parameters under study are overhang length and shape,
wind speed, rainfall intensity arndnd directionat various regions of the facade under stday.

addres thelack ofadequateomparison between the performance of turbulence models, in

specific regions and the facade in whole, detailed study also targets the subject matter in this
thesis.

1.5 Scope
This research is part of the Natural Science and Engineeenrg8ar ch Counci | of C
NEWBUIlIdS network. NEWBLUIIAS is a multisciplinary NSERC strategic research network for
Engineered Woothased Building SystemBIEWBUuUildSfocus is on projects related to the use of
wood-based products in mediurnse and nofresidential construction. Projects of such cover a
wide range of building performance issues including: fire, durability, structural, energy and
serviceability. The current study is categori

Due to inadequate inveégation in the effect of multiple parameters governing an overhang
protection of a building facade, this thesis focuses on parameterizing catch ratio prediction and
effectiveness of an overhang, on a mednise building. In addition, current work invegites

the suitable choice in wind and WDR modeling technique.

1.6 Aim and Methodology

Primarygoal of this study is studying and quantifying the effectiveness of the overhang, in

various shapes and sizes, parametrically, under different WDR conditions usndids is due

to the need for a better understanding of the facade protection against WDR. The developed CFD
model is validated by collected field measuremant$ wind tunnel collected data. While

making recommendations on proper simulation techniges;tbice between certain wind

modeling schemes and its effect on WDR results obtained, the final checkpoint of this study will
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be providing building design teams and architects a robust tool to fetch for a protection for

vulnerable facade envelopes from W@eposition using different overhang size and shapes.

Secondarilyas this work is majorly numerically themed, proper modelmegfication,and
validation of numerical solution to RANS and consequently, WDR simul&tione of the

objectives.

The latte, comprises of reaching multiple checkpoints. Main obstacle on the way is the meshing
of the domain. Dealing with conventional tvequation turbulence models, alongside Standard
wall function to addres the boundary, the inadequatdbaltwith questios arethe method of
meshing, proper choice of boundary parameters and wall treatment. This study addresses such
issues with attending multiple points of view, including consistency of proper simulation of the
atmospheric boundary layer (ABL) flow with respex meshing and boundamgatment

methods and parameters. Proper modeling involves the choice of turbulence model as well as
inlet velocity profile fit to ABL, on both standlone and surrounded building.

The test building is in suburban terrain in Vaneer, British Colombia. lis a midrise sixstory
flat roof building with amechanical roormounted on top of ifFor validation of thevind
modeling, extensive wintlinnel measurements are used to validate CFD results of the wind
simulation, for both sindalone and surrounded building exposed to different wirettions at
various locationground the test buildingncluding vertical profiles upstream, near facade and
on top of the roof and horizontally on its sidé&is comparison between witdnnd and CFD is

then justified for different regions separately.

A method of making different viable rain events is introduced as the hourly field measurement
data gathered is unreliable for a short period, unless the rainfall intensity is considerably high,
which happens rarely in the data collected for validatioWDR part ofthis studyMultiple
constructed rain events dhenused to validate numerically predicted WDR for surrounded and
standalone building. This is done for unprotected and protectgabifawith different sized en

site overhangs. The validity of the simulation on different fagade regions is also discussed.

1.7 Thesis Outline

Current chapter of the thesis addresses the necessity of such study, brief presentation of the
methods deployed, an@tiled literature review of the subject matter. Chapter 2 presents a
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detailed description of the methods used for simulation alongside model verification. Chapter 3
is dedicated to validation of the wind and rain modeling, and the overhang protected rain
simulation and the results, as well as the necessary discussions. Chapter 4 studies the
effectiveness of the overhang, am extensive parametric fashion. Final chapter is the

conclusions and recommendations made by the author.
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Chapter 2NUMERICAL SIMULATION AND MODEL
VERIFICATION

Numerical solution to fluid simulation comprises of various checkpoints to be able to depend
upon. From the meshing to actual model attributed to fluid motion, to post processing and
validation, all are to be properly addressed in cuserdy. In WDR case specifically, as it deals
with a multiphase flow simulation, which is categorized in two major phases, air (wind) and

water (rain), all those steps are to be followed for each, separatdiyeaathically

2.1 Governing Equations
The flowof air through the atmosphere of Earth, near the ground is considered as wind. For that
matter equations governing such flow are mass conservation, and continuity as well as heat
equations. Adding rain should be considered as another phase. This nethdtsecessity to
consider WDR a multiphase flow. Contribution of rain phase to space occupation and
momentum of the flow, and momentum of the air phase should in theory be considered. Though,
conventionally, this contribution is neglected since it ig/\&enall compared to the flow in
general . This woul-way @ gg ¢clgpobashty 994t eecasorffor i o n e
this is the small value that Aphasic vol ume

equatons are continuity:

Tm
— 2.11
o ngmy T ( )
andNavier-Stokes equations:
Tw hwo MW ha 2.12)
T o Tw Tw Tw
in which
G
Z t o o 6_]”.8) (2.13)

andd is Kronecker deltawmis the density, anfl is thevelocity vectorr) is pressure)Yis the
momentum sourcterm andz is the shear stress tensbime averaged continuity and Nawer
Stokes equations are as follows. These equations are obtained using the definition of time

average on theorresponding equations:
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wherez is the molecular stress tensor (including both normal and shear components of the
stress). The problem of turbulent flow modeling is revealed here in the Reynolds Average
NavierStokes equations (RANS) and that is the temd 6 . This term is kown as the
Reynoldsstress tensor. IntAreedimensional D) simulation, this term produces six unknowns
that are to be calculated and because there is no additional equation for thesemsunsintre
problem is not close@Wilcox, 2006) To close the equation set, multiple t&quation models

are proposed. Three of those models are employed in simulation in this study.

2.2 Turbulence Modeling

221  Realizabl&k-UModel
The term "realizabilitymeans thaii a | | p h y s i-defmite tusbulepce propees bee
computationally positivelefinite and that all computed correlation coefficients lie betwdéh
This means that the model mathematical and physicaitiGonts posed on Reynolds stresses, are

found to be consistent with the physics of the flow.

2.2.2 Standardk-¥ Model
Kolmogorovproposed the second parameter for aégoation model of turbulence to be the
di ssipation per uni t(Kotmogorow 1942h clen kti mied | mo c¢ale,r g-
differential equation similar to the equation kimetic turbulence energyQ(Wilcox, 2006) One
problem with this model which is based on Wilcoxdabis that the solution is sensitive to

valuesofQand ¥ outside the shear | ayer (which is ¢

2.2.3 ShearStress Transport (SSK)¥ Model
This modelaccounts for the transport of the turbulent sheasstrThat is why predict the
eddyviscosity more accurately. That is why this model is more accurate and reliable for a wider
class of flowgMenter, 1993)

I (Wilcox, 2006)Section 6.3: Secor@rder Closure Models
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224 Standard WalFunctions
Based on the work of Launder and Spaldibgunder & Spalding, 1974ANSYS Fluent
presents the standard wall functions. These are used in this witgdtizablek-0 t ur bul en't

models. For the mean velocity, we have

v B o (2.21)
in which the dimensionless velocity is

Y6 Q
oo 7 222
Y 7 (22.2)
M

and the dimensionless distance from the wall is

nd Q@ 2.23)
t

(S
and the constants are listedTiable2.2.1.

Table2.21 - Standard wall function parameters and constants

Constant Description

) von Karman constant (= 0.4187)

E Empirical constant (= 9.793)

Up Meanvelocity of the fluid at the walhdjacent cell centroigh
Ko Turbulence kinetic energy atehwalladjacent cell centroid, p
Yo Distance from the centroid of the waltljacent cell to the walf
m Dynamic viscosity of the fluid

It should be notechait ANSYS Fluent employs ldlgw whenwy p @& ¢.WBelow that value, it

applies the laminar stressrain relationship which is

Y@ (2.24)

The boundary condition fdeat the wall § as follows
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I,—(f Tt (2.25)

in whichy is the normal coordinate to the wall.

2.2.5 Matching thewall-FunctionModified-for-Roughness and ABElow
The following secalled Zstep procedure to agt boundary conditions for a légw profile to
ABL flow, which issuggested by Blockan used in this stud{Blocken, 2004)Log-law profile

is as follows

Yoo I T— (2.26)

{ ()
Two requirementsdr compatibility are as follows
Y Y (2.27)
Z i Z A (2.28)
These two equations lead to
. o W
Q — ; (2.29)
0 w W
z 87&7_
Y S (2.210)
X w ;
Jw

and the roughness height is set to

VI (2.211)

and roughness constant is calculated with the following equatiofis; alé the cases studied in

thisthesis 0 WTT

25 ?i b 6 v 2.212)

in which30 is found by

6 Aopso (2.213

and
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0 0, © ,_® (2.214)
g4 0 0 W W
For powerlaw profile, we have

S
Y oo Y — (2.215)

by applying the same compatibility requirements

. 1Y ®
Q0 — — (2.216)

&

. 8
LIY & (2.217)
o

Fork-¥ turbulence mods| the use oRealizablek-e model modificatios and findingk-¥ model

X w

parameters on théasis is suggestedsing the following equation far calculation on the inlet
boundary(Wilcox, 2006)

X
5 50 (2.218)

Table2.22 shows the modified inlet turbulence parameters for each velocity profile used in

currentstudy.

Table2.2.2 - Modified inlet turbulence parameters for the velocity profiles used in this study

Log-Law Power-Law
Velocity Profile N 6 OT' T(ba)(b v o6 Y
Turbulent Kinetic Energy 0 - o
Turbulent kinetic energy dissipatic T e— , _
Xw ——— Xw
Turbulent specific dissipation rate 5 X_U; N x"qu
(o] (o]
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2.3 Wind-Driven Rain

2.3.1 Numerical Solution to Wind and WDR
As previously mentioned, numerical solution comprise$si@fifluence of turbulence models,
inlet velocity pofiles and boundary treatmentcéuracy of wind flowprediction by CFDneed
to beinvestigatedIn this section, the modeling results of wind flow around the buildimder
studyare compared to wind tunnel mean wind velocity measurements for validation. The
modeling results of rain deposition theeast facade of the test building are compardklt
measurements. Both the stasddne building and surrounded building are studied.

On the procedure that led to this study, primarily, best meshing scheme was studied and found.
This is done by investigating the proposed modifications orefumtiorturbulence models and
their effecti vene sMatchingthaéMali-ForetnModifiedfdr-e sect i on
Roughness and ABElowo (Blocken, 2004)Consequently, wind solution is set up for diéier

inlet velocity profiles and turbulence models of interegBilocken, 2004)Each case is

vali dated and compared to wind tunnel data ga
University (Chiu, 2016) The results of such validation on every case is presented in this chapter.
Based upon that, various catch ratio cases are set up for each scheme of solution. The parameters
are set based on field measurements done in Vancouver, British Cqglombiaixstory test

building (Chiu, 2016) Each rain event chosen is a weighted average of-hmuti consecutive

rainhours Mul ti pl e chosen r ai n eivtereetcanfiglirasions,set bui
without overhagandwi t h 26 and 46 overhangs are solved.
overhang are chosen to validate rain simulation with CFD and find the proper solution scheme to
predict WDR more accuratelyith. The eason for such way of validation is to elimm#he

effect of geometryn the validity of resultsAs the rain events chosen for averaging are transient

rain and wind hours, and the direction is fluctuating, another study on the angle is performed to
capture the effect of small change in angle ofdance of wind on the catch ratio. This study

shows that £10fangehas a negligible effect on the final deposited rain on the fagade, in such
simulations. Furthermore, chosen CFD simulation scheme is developed to perform the

simulations for various numbef rain events, to be able to parametrically study WDR.
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2.3.1.1 Building Geometry, Computational Domain, and Grid Study
Building under study is a sigtory(mid-rise) rectangular residential building with a flat roof and
a short parapet located in Vancouver, BhtColumbiaFigure2.3.1. A mid-rise building is a
building between 4 and 11 stasie heightAs far as the terrain under study is concerned, the
building sits atop an escarpment with the east facade facing the direction of the escarpment and
is surrounded by-8tory regdential buildings to its north and west and a highway to its east and
south. The simulated building is 39.67 m long, 15.42 m wide, and 20.05 m higécieanical
roommeasuring 6 m by 5.2 m and 2.4 m high is in the center of the main roof. The building
facades face the cardinal directions with one of the long facade facing east, the prevailing wind
direction. It is an open site within a suburban setting, which makes it an ideal site for WDR
studieg(Chiu, 2016)

Simulated builthg with its surroundings within 20@eter radius is depicted Figure2.3.2.

4% i s
i est Building| L - éﬂd

2 ':.;"___ =% 3 2

Figure 2.31 - Aerial view of the building sitéGoogle Maps, 2017)
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Figure 2.32 - Test building and itsurroundingin the terrain

Table2.31 - Computational domain size awmiiscretization

Domain length (x) 650 m
Domain hdaght (y) 100 m
Domain width (2) 190 m
Surface mesh Size qu_ain sides 0.5 m-~3.99m
Building walls 0.5m
Type Quadrangle
Volume mesh Number of CVés ~1.56%16
Type Hexahedron

The computational domain chosen is showRigure2.3.3. This domain with the setup shown in

the figure is fothe east facade being exposed to normal wind. The building is located at nearly
the center of the domain on the bottom boundary, i.e. the ground. The information regarding the
computational domin size and discretization is summarized aile2.3.1.

2.3.1.2 Blocking of the Mesh of the Domain
As shown inFigure2.3.3, a unique blocking method is used in meshing the computational
doman. This blocking is originated at the target buildingth it beingat the middle of the

domain, on the ground, and scaled &tidsach direction outward. This creates a cube in the

38



middle, comprising of 5 prisms, one scaling and sweeping the domaardifnem the roof, and
the rest in lateral directions.

- a - bottom blocks, the ones attached to the ground

- b - top blocks, ones attached the pawlid boundaries

Figure 2.34 - Blocking scheme of the computation domain
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This method, which is shown for bottom blockd-igure2.3.4a, and top blocks iRigure2.3.4b

has advantages which are as follows:
1- This method abws great control on number of meshes on each side

2- Great deal of control on the computational expenses is achieved through the control on

number of mesh nodes on each side

3- This method, unlike similar simulations of the literature results in a fully sieatt

hexahedral, mapped meshed domain

4- With the bottom blocks separated, one could controytalue for various terrains of

interest, for the ground and solid boundaries of the test building modeled

5- Any change to the facade, including an addition @rbang, balconies, etc. is easily

deployable
6- Mesh cell concentration is naturally high near the target building and low away from it
7- Low skewness factors generally throughout the meshed domain

There aralisadvantage this methods well,starting withhigh aspect ratio in certain cells
Especially, high aspect ratiaway from the target building, near the grod@dupstream and
downstream. Another disadvantage is the meshing complexity and time spent for one geometry
case. The latter is congrably les, when dealt with atandalone building modeling, and highly
tangible for a surrounded ondue to the complexity of geometry and logistics of the surrounding

buildings

The placement of the model inside the domain must also b&heselyjhtout. Placinghe

building (with/out its surroundings) in the middle might not be a very reasonable strategy, even
with abundant computational sources. Having said that, for all the cases solvedhests,

including domain with or witbut the surrounding buildingfe test building is located at nearly

the middle (5 m towards the inlet from the center of the domain), and that is due to the immense
computational demand on the ppsbcessing part of the study. To elaborate on that, on the
building surrounded by itausrounding, as the leeward surrounding buildings are not counted in,
the windward buildingsdéd | ocations alongsi de
position in the domain; that is leaning towards the inlet, and long enough leeward empty doma
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till the outlet, for the downstream wind to develop before meeting the pressurg bothétaga,

et al., 2008) For postprocessing simplification reasons, same location is chosen for the stand
alone building in this studylhis arrangement meets the requirements suggesf&édnmnaga,

et al., 2008)at the expense of processing times.

2.3.1.3 Boundary Conditions
As discussed, aStep procedure proposed by Blocken to modify boundary conditions is
followed fork-Umodel(Blocken, 2004)Fork-¥ t ur b u | ehe authofimdskie | mosde |
parameters following the-& model modificatiorandby using Equatior2.3.1, for ¥ calculation
on the inlet bondary(Wilcox, 2006) Standard il functions for Realizable-e turbulence
model in a dimensionless form"é ?i i3 . von Karmanconstantg is fixed in the code to
be 0.41870 = 0.09is a constant usad the modifications as well as a constant in Realizable k
U(Wilcox, 2006) & = 0.25is the distance from the center of the wall adjacent cell to the ground.

The summary of boundary conditions is giverd able2.3.2.

Table2.3.2 - Summary of boundary conditions

Boundary Inlet Sides/Top Bottom Outlet Building
Condition Momentum Table2.2.2, Direction: Symmetry No slip, Backflow pressure No slip,
Normal to boundaryy impermeable (m  THQM 6 JQQ impermeable
T
Turbulence Table2.22 Symmetry Roughness Q Roughness
height ( pa T, height 0 ),
(&) i smooth wall

™ UL @) pa Ti

DPM - - Trap - Trap

2.3.1.4 NearWall-Cell CenterPoint Distance to th&Vall
The modifications mentioned ifable2.2.2 for inlet bouna@ry parameters are proposed to tackle
the inhomogeneity imgsed by adaption of ABL to wdllinctions. To study the effectiveness,
three empty, twalimensional 2000 m x 500 m domains wjgtvalues of 0.0025, 0.025 and

0.25m are solved with Realizableland standardall functiors.
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Figure 2.35 - Inlet - Outlet comparison of velocity profiles, and turbulence parameters for differeatues

Inlet and outlet horizontal velocity profile comparison is provided for each case, shéwuie
2.35a, b. The residuals of continuity as the largest of all are let to be at a maximurf.oFHié
justified the choice on the value wf For that mattery,is chosen to be 0.25 m so that the

homogeneity and theedired grid spacing on the building are met.

Figure2.35ashowsthat due to the balance of viscous and kinetic forces, a solution to this
problem with a tweequation turbulence model will show an acceleratiear ground, no matter

how the ground is treated. This acceleration alongside the satisfaction of continuity will result in
deceleration just above the acceleration region attached to the ground. Above those regions,

pretty much all the turbulence modelsed in this study, predict the wind with precision, that is
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under 5% margin of error. The trend of simulations varying the valug siiows that as it
increases, the inlatutlet velocity profile mismatch reduces. This mismatch is a test for how the
doman and turbulence model can simulate the ABL flow accurately, at least as far as the
velocity field is concerne(Blocken, 2004)

As the value ofp is increased, turbulent dissipation rageas well as specific dissipan rate,w,

arebothdecreased;igure2.3.6.
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Figure 2.36 - (a) Turbulent dissipation ratéd, and (b) specific dissipation ra{et) versus veital distance from
the ground for differentgralues, at the inlet
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Figure 2.3.7 - (a) Turbulent dissipation ratég, and (b) specific dissipation rafey), versus vertical distance from
the ground for differentgwalues, at the inlet
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Turbulentkinetic energy dissipatiois preserved throughout the domain regardless of the value
of yp. Though as the value gf is increased, turbulent dissipation rageas well as specific
dissipation ate,w, are decreased. This could be mathematically proved using the governing

equation& Though, the trend is shown Figure2.3.7.

Throughout the boundary though, for higlggrturbulent specific dissipation rate remainsrhea
unchanged. The reason for that is thatirbulent kinetic energy arel turbulent dissipation rate,
are both increased with the hikeygf at nearly the same rate. This could also be attributed to the
fact that the wall treatment functions for b&tandard kw and kw SST closure schemes are
vanished and with them out of the picture, ABL with any inlet profile could fairly be observed

throughout the domain.

Turbulent kinetic energy, increases throughout the domain with the reductigg. ilihe

increase in turbulent kinetic energy is observed more accentuated as one departs from the
ground. This results in more energetic turbulent eddies down through the domain. For the same
value ofyp, k-w SST has the least value of predickatiroughout the dmain followed by

Standard kw and finally Realizable4e. With the increase iw value,with Realizable ke

schemek is also increased.

One should notice thgp and turbulence closure parameters are not the only variables that alter
velocity near the gsundas other parameters also play a role oritghdeterminationin fact,
study show that finer mesh does not necessarily result in a better determination of velocity in an

external flow(Gousseau, et al., 2013)

The value by* for the ground is shown iRigure2.3.8 for Standard &, for surrounded and
standalone building and Realizable-k only with surrounded buildingomairs. Thevalues are
higher and beyond the suggested ranges in the literatureeddramended range is 25 to 35 for
the upstreanfAriff, et al., 2009) The reason literature avoids reporting thibulence parameter
is thatas the turbulence parameters of the inlet are manipulated, the reporédaks of tie
ground are nogxpected to remain within the asipated regionThe suggestion is thatvalue

close to the lower boung’(® 30) is most desirabl@luent Inc., 1998)

! For the equations, refer to Sectidi2.5
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[l Surrounded Building, Standard k-w
[l Stand-alone Building, Standard k-w
L] Surrounded Building, Realizable k-€

X [m]

Figure 2.38 - y* value for ground boundary, with wind normalttee east facade, atpy= 0.25m

ANSYS is less striftANSYS®, 2015) For the kw models used, as they suggest, neal

treatment formlation is robust as it ig*-insensitive. For when the wall functions are used, in

this case for Realizableds ANSYS recommends the useydf 30in the entire domainAs one

gets closer to the buildings in the middle of the domain, the valyfeiméreases significantly.

This could be attributed to the values of the building wall roughness constants. As they are taken
to be the default values, and this might be a proper treatment. Overall, the proposed ground
boundary treatments are supposed to prodym®per value of". There is no guarantee on

fitting y* in the proper range for Standargvk Having said that, even for Realizable knear the

buildings,y" is found to be considerably beyond aforementioned ranges.

2.3.1.5 Numerical Solution to Rain Phase
As the framework chosen is Lagrangian, the governing equation of motion of raindrops reduces
to anODE, based on the low concentration of rain phase as rain falls. The equation is:
Ap
M— M Mm B e (2.31)
A0
M is density of waterpis to be solved foryvhich is the position vector of the dropletis the
density of air,®is thegravitational acceleration an@is the drag force, which is presented in
the following equation:
-
B M
5 0 — i (2.32)
® ®
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Contribution of them m "®term on the momentum equation governing the motion of droplet
is attributed to the buoyancy on it in midair. in Equation2.3.2, is the frontal area of the

droplet

ANSYS Fluent is deployed for the solution to the wind for all the cases in this thesis. Rressure

based steadgtate solver is chosen. As of the turbulence model, each scheme has its ous visco
model. SIMPLE scheme is chosen for the pressatecity coupling. For the spatial

discretization, standard pressure, second order upwind for momentum and turbulent kinetic

energy and first order upwind for turbulent dissipation rate are chosen. Adrgence, residuals

of continuity as the largest residuals of all, reach a limit of for Realizable KJ gprmd for

Standardky a md SKST. Moreover, algebraic sum of pre
sides, which is the only wall boundary condition other than the ground, is monitored to perceive

convergence.

Large enougimumber of particleareinjected into the domain at empirically found locations, in
form of a plane in migdlomain. Trial and error gives the best location of each plane so that the
whole fagade of interest is covered, conservativelyeverygiven raindop diameter. Initial
horizontal velocity is taken to be tkevelocity of inlet velocity profile at the distance of the
injection plane from the ground. Terminal velocity (vertical velocity) is taken to be from the
work of Gunn and KinzefGunn & Kinzer, 1949)Discrete set of raindrogiameterss taken

into consideratiomfor the sake of numerical calculations

Discrete Phase Model (DPM) module of ANSYS Fluent is used to find the trajectory of particles
injected in the domairA fourth-order RungeKutta integration scheme has been used to
integrate Equatio@.31. The integration timetep is as follows:

30

30 1— (2-3-3)

in which1 is the Step Length Factor agd’ is the estimated transit timkis inversely

proportional to the integtion time step and is coarsely identical to the number of time steps
required to travel the current continuous phase control volume. Instead of specifying the length
scal e, nASt e plislset to §,with lafga endughrvaue of Maximum Number of

Steps, to make sure all the droplets are trapped at solid boundary. These values make a balance
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between computational expense and accuracy needed, and are obtained by experiencing a small

range of values.

A fourth-order curve is fit to the drag coefficierfor falling raindrops measuré@unn &
Kinzer, 1949)

The curve is as follows

1T& miowwy Mcd ™ Xxap pET 4qp8 9o (2.34)
withd 1 T 2ZA . A UserDefined Function is used to hook this to the solver.

A MATLAB code has been developed tdadate WDR catch ratigMohaddes Foroushani, et
al., 2014) Catch ratio is the main parameter used to compare WDR simulation to field
measurements. Specific catch ratio is defined as follows
Y Q 0 Q
° Ya ©§a
where0g is the area of a reference horizontal surfacecgsislthe wetted area on the building

(2.35)

facade, as seen igure2.3.9 (Blocken, 2004)The equality above can be proved with

assumption of no vaporization or condensation, using mass consewhiotnisas follows

YO Y 0 (2.36)

Figure 2.39 - Reference and vertical wetted areas that appear in the definition of catcl{Bésiken, 2004)

Catch ratio is found by integration owee range ofaindrop diameters. The raindrejze

distribution by Best, as a weighting function, is u@@est, 1950)

s s 'QOAQ (2.37)
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The weightingunction’/QQ i s cal cul atedbbased modithiec &f il ox
(Blocken, 2004which is:
NQw Q

QQ ——— (2.38)
Q0 m Q AQ

Raindrops are injected into the domain in a specific area upstream of the building. The vertical
velocity of injection is equal to the free falling terminal velo¢®unn & Kinzer, 1949)The
horizontal velocityof the raindrops is equal to that of the undisturbed wind at the same height
above the ground as the injection plane. Trial and error settles the position of the injection
planes, as long as the landing drops around the facade are conservatively lawdogs

cover the facade entirely. No dissipation modeling is included in these simulations.

A trapezoid scheme is used to solve the integral in Equ2tir which is as follows

s 1t 'QQ sQ 3Q (2.39)
to find thed in the cell, convex hull method is deployed and solved by gift wrapping méthod.

2.3.1.6 Rain Event Selection Procedure
A procedure iproposedy the author for choosing adeatingapprgriate rain events for the
validation of rainsimulation. The issue with hodwng datecollected on the facada the fieldis
that unless therns high rainfall intensityijt is highly unreliable Thatis the motivation to average

the collectedlataso hat it isa more reliable touchstone. The set procedure is as follows:
1. All the recordechoursareconsidered
2. Thehoursthat have rain are singled out.

3. Depending on the direction of wind targetfacade hourswith directions within the

range of set dirgon, with £10° deviationarechosen geeSection2.3.17).
4. Consecutiveain hours, including ones with only one dry hour,gae chosen.

5. Weighted average of the wind speaf the selected houvath respect to horizontal mai

fall intensity is calculated ahtaken for the made rain event:

! For details regarding the methods &Be Berg, et al., 2008)
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in whichY is the wind speed &t rain hour andY is the coresponding rainfall intensity.
6. Horizontal rain fall intensity is summed for the chosen rain hours

_ BY
Y — (2.311)

in whichnis the number of rain hours chosen for talested rain event.

7. Y is found based ofY using the following formula

v g P T
YooY 885— (2.312)

in whichthe correction facton, is taken to b®.88 which corresponds to the recommended

12% reductiorfrom the wind tunneineasurementd he reason for this is the fact that the wind
calculated at the level of the wind monitor is lower than wind speed at the same level in far
upstream flow by that factoQ  is 26.82 mwhichis the altitude of the wind monitor installed

on the buildingQ g .dastly,| is taken to b®.22 whichis the exponent chosen to

find the™ , value ofpowerlaw velocity profileexponent

2.3.1.7 Effect of 10 Difference in Angle of Wind Blowing on the Facade on Catch
Ratio Calculation

As discussed in Sectidh3.1.6 to create proper rain events for WDR validation, wind direction
is chosen within a £P0ange. This section does a simpleoeanalysis on how®and 10

change in wind direction would change the WDR prediction by the model used in this thesis.

To achieve this goal, WDR catch ratio is found for normal wintherast facade of the target
building, alongside wind at 85and &° onto the east facade, with the north fagade being the

second windward facade.
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Figure 2.310- Catch ratiocontours- error percentage on each measurement gauge, with witkdesast fagade (and north in case of oblique wir8tandard
k-wwith log-law inlet velocity profile Black dots are error percentage compared to field measurement. Bottom white areas show zero catch ratio.
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Table2.33 - WDR event parameters used to study the effect small change in wind direction aatiatch

Uo Rn Angle of Incidence to Number of Number of consecutive o} .

Case ) ) Date w 1
[m/s] [mm/hr] East Facade (degree: Particles Injected hours of measurement [m/s]

1 2415 3.16 90 250%400 15 Jan2014 ™) UL T& G

Catch ratio contours Wi error percentage of each gauge is presentemyure2.3.10 for
normal, and oblique wind directions onto the east facade. The rain event parameters used in this

study are presented Trable2.3.3.

Error analysis shows that for top two rows of gauge points, alongside the top row, aedggde
gauge points maximum value of standard deviation for maximum and average error is 5.56%,
which shows this small change in wind direction has negligible denifthon the mean, and
consequently, the rain event procedure described in S&8dn6as far as taking that +10

range isconcerned, is valid.

2.3.2 Experimenal Solution to Wind and WDR

2.3.2.1 Wind Tunnel Measurements
Wind tunnel measur ements h ABLavindbteneel{Chic,@016)uct e d
To mockl the field, a suburban exposure has been created using roughness elements and a scaled
down test building with its surrounding buildings.

A 1:400 scale model of the test building and its surroundings within-an2@@lius have been
fabricated and tested the ABL wind tunnelThe 1:400 scale is selected based on the

surroundings and successful simulations at this scale of the most important variables of the
AtmospheridBoundarylayer under strong wind conditions carried out in this wind tunnel
(Stathopoulos, 1984The models are fabricated using extruded polystyrene foam insulation and
glued to a particle board base. The test building in the field is located within a suburban
environment, therefore, a similar exposure isusated in the wind tunnel. To obtain a suburban

wind profile, a mixture of roughness elements has been placed along the length of the test section
of the tunnel. The roof of the wind tunnel was adjusted along the length of the test section to

satisfy the ondition of zero longitudinal pressure gradient for a suburban exposure. The test

51



building and its surroundings within a 280radius are shown iRigure 2.3.11. The test building
model is 98 mm long, 38 mm widand 50 mm high. There is a mechanical room located on the

center of the roof measuring 15 mm long, 13 mm wide, and 6 mm high.

A Series 100 Cobra probe was used to measure velocities in the wind tunnel. The Cobra Probe is
a multkhole pressure probe thaibprdes dynamic, £omponent velocity and local static

pressure measurements in f@ade. The probe is capable of a linear frequency response from

0 Hz to more than 2 kHz and is available in various ranges for use between 2 m/s and 10 m/s
(TurbulentFlow Instrumentation, 201 BIthough the probe comes peenfigured, the accuracy

was verified by comparing the mean values measured by the Cobra Probe with the measurements
of a pitot static tube mounted at the same location.

0 0.04 0.08 0.12 0.16 0.2],(%)

1
] © <
< *
0.8 - ° .
4 °© *
0.6 - . o |* Normalized Mea
o ° . | Velocity
N 041 z,.*
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0.2 Z,=80cm
1 Ugy= 14.4m/s
0 — e

00 02 04 06 08 10
Th,
Figure 2.311 - The test building and
surrounding buildings within a 20én radius
placed in ABL wind tunngChiu, 2016)

Figure2.312- Normalized man velocity and turbulence
intensity for a suburban exposure measured in the bound
layer wind tunne(Chiu, 2016)

In addition, the measurements were checked for repeatability for the wind profile above the
mechanical roomoof and in front of the eaticade The average percentage difference between

the two tests were 1% and 6% for the wind profile above the roof and tHegzais
respectively.

The measurements were taken to establish
1- The suburban terrain with no mdgbeesent;

2- Wind flow around the stardlone test building, and
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3- Wind flow around the test building with surroundings.

Once a suburban wind profile was successfully modeled in the wind tunnel, the building models

with and without surroundings were placedhe wind tunnel and tested. Wind velocity

measurements were taken upstream the test building (at 40 m, 80 m and 100 m away from the
fa-ade), in front of the test buildingds east
the roof.Figure2.313 shows the measurement locations. There are 22 measurement points in

front of the easfacade(Figure2.3.13b) and 19 measurement points in front of the north facade
(Figure2.3.13c). Limited by the probe profile, these measurement points are located 3.6 m away
from the east fagcade and 1.2 m away from the north fagade. A few more points are measured in
addition to the locations where WDR gaugesiasélled, as shown iRigure2.3.13b andFigure

2.313c. Measurements were taken for three wind incidence anglasd@43, to the east

facade.
- 1.2m
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o o 6\41 <0’1’ ‘(\4',
@‘J\pb &m& %"% aé"% %%,
& ] @ EC-base ® & &
3.6m
w N W
0.6m— o 16.0m | 13.7m Lol oo
3 3 3 06m

- a- Plan view of the test building model with measurement points

Figure 2.313 (Continued)
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Figure 2.313- Location of wind velocity measurements around the test bujltiing, E, W stand for north, south,
east,and vest

2.3.2.2 Field Measurements
As discussed in Sectidh3.1.1 the test building is a sigtory rectangular residential building
with a flat roof and a short parapet located/ancouver, British Columbia (séegure2.3.1).
The parameters monitored include site weather conditions and WDR on fagades. A weather
station including a wind anemometer, a tempgegtand relative humidity prola@emounted on
top of a tripod crosarm that is 4.6 m above theechanical room located on top of the main roof
of the test buildingFigure2.314.

The anemometer can measure wind speed with a rang®®h@'s withan accuracy of £0.2 m/s

or 1% of reading. It can measure @idirection with a range ofi@6C(° with an accuracy of

+0.3. The horizontal rain gauge has a conical collection area (24.5 cm in diameter) constructed
of gold anodized spun aluminum. The resolution of the tipping bucket is 0.1 mm/tip with an
accuracy of % up to 50 mm/hr. The horizontal rain gauge is placed on the center of the main

roof. Several customized WDR gauges are installed on building fagades at strategically selected

! This figure isalsopresented i\ppendix E- Catch Ratio Parametric Studpd Sectior.3.
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locations Figure2.3.13. These driving rain gauges are aluminum ptgpe gauges consisting of

a square collection area, 30.5 cm by 30.5 cm, for a total area of 930 Bhenrain gauge is
designed with details to minimizeiskeptat54r e ment
mm, a low profile to minimize wind errors. The driving rain gauge has a dual tippiciget

mechanism with a resolution of 0.06 mmfhiu, 2016)

Locations of WDR gauges on building facades are selecte@gitally based on the prevailing

wind direction, building geometry and surroundings. These locations are shéiguia2.3.14.

@ Wind Monitor
G) Temperature & RH Probe

Figure 2.3.14 - Schenatics of the building and the mechanicabm with the wind monitor mounted on top of it
(Chiu, 2016)

2.3.3 Sources of Wind Simulation Error
A grid convergence study is carried out following the procedure suggegtddhaddes
Foroushani, et al., 2014)sing the Richardson extrapolatibased scheme proposed by Roy

(Roy, 2004) Table2.3.4 shows the results of the grid convergence study

Wind flow grid convergence index is found to be 2.5% for the setup in this study. The area
weighted average pressure coefficient of the building has been used as the main field variable for

calculaing this index, alongside velocity.

There are multiple other sources of error. Notable one of them is the iterative convergence error
which is associated with the iterative process of computational fluid dynamics, and residuals of

every loop of executingumerically discretized PDE. Preferably, these residuals for all the

1 For the formulation, refer tAppendix A- Discretization Error Formulation
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involved governing equations shall plummet to machine level of accuracy. The order of these

values is presented for each simulation in the place of presentation of the simulation.

Table2.3.4 - Calculations of discretization error

« = areaweighted

« = x-velocity on

«=x-velocity on

« = x-velocity on

« = x-velocity on

average on upstream 40 m upstream 160 m  upstream 3.6n top of the
pressure vertical profile, vertical profile, vertical profile, mechanical room,
coefficient on 8 m above the 10m above the 20 m above the 27 m above the
surfaces: ast, ground ground ground, at S1 ground
mechanical room column
north, roof, south
andwest

0, 7835555 7835555 7835555 7835555 7835555

0 3481796 3481796 3481796 3481796 3481796

04 1557386 1557386 1557386 1557386 1557386

[P 1.31046 1.31046 1.31046 1.31046 1.31046

lgc 1.30758 1.30758 1.30758 1.30758 1.30758

n, -12.6715 6.16619 7.15922 6.23977 8.99388

N, -13.128 6.22095 7.17205 6.12159 8.92753

N, -13.233 6.14218 7.14924 6.11752 9.05508

n 5.37571 1.35096 2.13878 12.3613 2.43024

Nioe -12.5323 6.04199 7.14283 6.2441 9.06529

@,° 3.60217% 0.888091% 0.179226% 1.89397% 0.737755%

Q% 1.11115% 2.0557% 0.229435% 0.0693775% 0.787761%

‘060  1.37367% 2.51786% 0.286137% 0.0867821% 0.992519%

Other sources of error are attributed to the nmedigbloyedn the simulationsto be specific,

turbulencemodels andnlet velocity profile Errors associated with turbulence models used are

discussed in detail in th&ind Simulationsection (Sectio.1), ensuing the presentation of

results of validatio and model comparisons. As far as the inlet velocity profile is concerned,

perfect undisturbed flow is taken as the approaching wind, which attributing#blife terrain

is unequivocally imperfecOn top of all, wind is a transient phenomenon nhedién steady

state condition here, which poses issues with the nature of turbulence.

2.3.4

Sources of WDR Simulation Error

Main sources of error for this simulation (in no special order) are:

1.
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2. Lack of raindrop turbulence dispersion simulation in current stndistreamtube

assumptioh
3. Errors attributed to drag modeling of the WDR
4. Rain event creation describedSection2.3.1.6
5. Smoothing functions useto smoothen the final data obtained off WDR calculations

6. Discrete phase modeling of the rain, alongside threlbrer of raindrops injected per

raindrop diameter size
7. Intransient rain simulation

As far as tle wind prediction is concerned (Sect@3.3, as discussed, accuracy of rain
simulation is predominantly dependent upon accurate wind prediction in this Lagrangian scheme

of WDR simulations.

Raindrop turbulence dispersion and drag modeling of WDR are chosen to not be a part of this
study inentionally, to reduce the complications of an already demanding theoretical and data
gathering process of these simulations. As discusseterature Reviewsection (Sectiod.2.4,

the errors atthiuted to these two factors are mostly reported negligible in the literature.

Mingling consecutive rain hours are, as describe®am Event Selection Procedwgection
(Section2.3.1.6, inevitable due to predominantly low amount of rain collected on the test
building. This, as the number of consecutive hours increase, is bolded. To make the raw data for
catch ratio contour presentation, a smoothing function is used. This usage has its own level of
error, which with higher order of smoothening, gets higher. Added to this is the fact that these
rain hours are not entirely at®@f angle onto the target facade, and themror associated to

this as well.

Choice of number of raindrop injected peindaop diameter size chosen in this study is followed
by recommendations made(iMohaddes Foroushani, 2013)ppendix B of that thesis describes

1 Streamtube assuption refers to the fundamental assumption restricts the assumptions to the calculation of
raindrops from closed streamtubes, which means the trajectories predicted are assumed to ndiViuleasietets
Foroushani, 2013)
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that above a certain number of raindrops injected, sensitivity of catch ratiotpdeto the

number of raindrops injected becomes rather trivial.

And finally, intransient rain simulation is another source of error, as in real life, rain, much like

wind is a transienbccurrence

2.35 Overhang Effectiveness
Sectionl.3presents some architectural apparatus to deviate the raindrop impingement. Overhang
was introduced as the most effective means to protect a fagcade fromBEifBdiveness index
of an overhangs defined as followgForoushani Mohaddes, et al., 2014)

N ; oI (2.313)
in which we have
s P s6 (2.314)
B 5 :

Subscript OH stands for overhang, which differentiates measured catch ratio with the presence of
an overhang as opposed to unprotected facade measured catch ratio denoted with no subscript.
Calculating this effectiveness index over differpattions on the facade, has an advantage of

giving assessment means to figure out the effect of the overhang on the rain deposition at
different areas. The portions studied are the following

_

R ———

Figure 2.315 - Effectiveness index calculation portionswindward fagadeof the test building

Moreover, effectiveness could be defined for gamint on the fagade, as follows



) pmT (2.315)

S
s is defined as the catch ratio at the same point, with the same wind and rain conditions, with

the presence of an overhang protecting the facade of interest.
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Chapter 3VALIDATION , RESULTS AND DISCUSSION

This sedbn is dedicated to wind flow and WDR simulation validation, comparison amongst
different turbulence models, presentation of various cases of wind flow solution, alongside
multiple WDR event simulations and extensive parameter study on wind flow, WDR and

overhang.

3.1 Wind Simulation

Multiple wind tunnel measurements have brought a thorough insight into how flow works

around a standlonebuildingand surroundedne CFD solutions are validated, and

consequently used in parameter study on wind flow arounéshéuilding. Later, the validated

wind solution scheme is used to solve the rai
section deals with great number of aspects of wind simulation. Starting with validation, wind

tunnel measurements are deployedetves asauchstone for predicted dafBhat is done for

Standalone and surrounded building schemes, for normal wmalthe east fagade and wind

coming at 45 ontotheeast facade, in eitheorth or soutldirectiors. Consequently, the

validated data issed to do a brief comparison between multiple models used in this study, to

compare the choice of models on turbulence related phenomena.

In the current study, first two models mentioned in SectidnPowerlaw and Loglaw are
deployed and the results are compared to each other and wind tunnel measured data and the

performance of each is studied.

3.1.1 Validationof Simulation orStandAlone Building

3.1.1.1 Normal Wind to the East Facade
Figure3.11 shows sveral horizontak-velocity value comparisons between measurement and
simulated results. These include horizontal profile of location points normal to the north facade
when the east facade is subjected to normal wind, and the landing base points ofrgacre

depicted inFigure2.3.13a and c, on the ground and north facade, respectively.

A general trend of agreement between measured and simulated data runs through graphs of
Figure3.11 which can also be inferred through noteworthy observationsatbdhe shape of

the predicted profile and predictions near wall boundary, the north facade.
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As far as the shape is concerned, Standawdfkllows measurement data points more precisely.
That does not meahadt the overall standard deviation of the simulated data is less than the other

three schemes of simulation.

In fact, in those terms-& Realizable with logaw velocity profile performs the best amongst
them all. This can be attributed to the fact thaay¥wvom the boundary, relatively;e

Realizable is a better fit to simulate adiabatic boundary layer flow with.

Near boundary simulation rather different. As the profiles are set at different locations across
the north fagcade which is 15.42 m wide &®d06 m high, every profile base point on the facade
undergoes a different flow across the domain, due to the setting of the building and the wind
direction. For instance, pointi% towards the windward facade, and NW3 on the same figure
rather shows a aenstream region of the facade basepoint. This certainly goes through the eddy
on the lateral side of the building, as shdaterin Figure3.111 andFigure3.112. NW3 on
Figure3.11bis downstream, in the middle of the lateral eddy formed due to the presence of the
boundary in front of the wind. Streamlines of the lower level measnepoints are depicted in
Figure3.112.

Due to all that came, the nature of simulation of wind in such regionweaiboundary will
dramatically be influenced by the turbulence model chosen. The size and distance dkthe cen

of the lateral eddy is also contributing to this difference in simulation under different regimes.

On a different note, as one gets towards the roof from the ground, the eddy gets smalber as the
velocity is increased. Reynolds number is increasadhwheans the momentum forces are
dominant over viscous forces; which results in a less influence of boundary on the flow, and
consequently straight and undisturbed flow around the buildiagSKT still predicts a

backflow which is an indication of an alleviated recirculation. The other two turbulence models
rather do not find an eddy in that region, towards the middle and the downstream of the facade
(no negativex-velocity). On near wall sioiation, kw SST behaves significantly different than

the rest.
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Figure 3.12 - x-velocityon \ertical profile, with value comparisoto wind tunnel measuremeiin standalone
building exposed to normal wind on the east fa¢ade

Figure3.12a shows a comparison between measureglocity and simulated, using CFD over
on top of the mechanical building, on a vertigadfile, on a stan@lone building. This
comparison shows that-tv SSTfinds the tred of the measured data in the boundary layer
region, near the walbetter than the rest of the models. As daparts from the vicinity of the
wall, k-e Realizable with powelaw inlet velocity profile performs bett than the rest of the
models on the profile. With proper distance from the boundary, approximately 18 m, k
Realizable outperforms the rest of the models. This pattern is observed on all the upstream

vertical profiles forx-velocity. Figure3.12b shows 80 m vertical profiles from the east fagade,

1 Tofind the error percentage values, gaMapendix B- Error Percentage Plots
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upstream of standlone buildings, respectively. On average, Standawdskows a better
agreement than the rest of the models below the midrise building height, 20 m. Aboveethat, k

Realizable outperforms the regttbe models, by a good margiigure3.1.2a, b.

On the side=dge gauge points, that is the gauges on the north and south ethge=asf facade,
one can suspect thatvk SST overall performbetter than other models. As one gets closer to the
middle of the fagde and far from the side edgése order changes as the performance of
Standard kw and ke Realizable on a lotaw inlet velocity profile are on par with each other
and better than-kv SST. kw SST tends to overpredict aneelRealizable with a powdaw
velocity inlet profile rather underpredicts the velocity in that region, compared to wind tunnel
data. Marching more towards the center of the fagade, comes thbdsH®olumn otheeast
facade, this pattern is repeated a8 8ST overpredicts andé&Realizable with a powdaw
velocity inlet profile underpredicts the measured data. Overall, Standaahk ke Realizable

on a loglaw inlet velocity profile show a good agreementhwitind tunnel, which is less than
10% difference.

As far as theenter of the fagade is concerned, there is more to be discussed. As the building is
not surrounded and the wind is perpendicular, the domain and the solution should be
symmetrical. This nevdrappens in practice, neither in wind tunnel nor in even a fully
symmetrical domain. Though the domain and meshing strategy used in this study is rather not
symmetrical to higher decimal places. This is simply due to the division of domain width by the
nunmber of mesh cells in the same direction, and the fact that that the value of dimensions could
not be divisible by the number of mesh cells in that direction. The trailing decimal digits of the
domain dimensions and meshing and initial values do not matsiinometrical sides of the

domain and the solver is set on double precision. All that results in asymmetry in solution.

Having said that, the center line, is theoretically on the symmetry plane of the domain. Which

means that is approximately where th@stdion point is located.

Around that regionespeciallytowards the ground, down below of the facade, the wind
significantly slows down which results in the highest order of errors found in the simulation.
This is because twequation turbulence modelghar fail to simulate proper eddy recirculation
and consequently velocity field in low speed regions of the fisbFigure3.12c).
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Measurement in the wind tunnel finds the velocity to be less than 3 m/s and the closest this
scheme of solution finds the velocity to that number is under Standat kearly 1 m/s.

Above that height, on an average basis, Standavaikd kw SST rather perform on the same
level with least amount of error followed byelRealizable with logaw inlet velocity profile

and ke Realizable with powelaw inlet velocity profile.

It is noteworthy that the effect of continuity is also clearly obsgriznder such geometry, the
centerline of the east fagcade goes under the circulation of the upstream eddy. That eddy works as
a semiclosed system rather than a penetrable control volume. The fact that the size and distance
of those eddies to the adjacerdll boundary are comparable in all the four models studied, an
overprediction nar the roof results in an ungeediction near the ground. This effect is observed

throughout the domain, on any vertical profile.

On the buil di ng6 s vartioabprofiles stidedl e bases ofthbse erafilesmo r e
are depicted ifrigure2.3.13a. On the corner profile towards the north and east facade one could
observe that Standardvk performs better than the bunch on the near whfiundary layer

regioni simulation. Far from the roof on the same vertical prgfitee Realizable with power

law inlet velocity profile is the best fisame as its performance on mechanical room or any
vertical profile away from the boundary, in almesery caseOverall, the choice in that region

much like the profile above the mechanical room shouldWweSIST, as it features a median of

both ke Realizable away from the boundary and Standandniear the boundary.

FigureB.1 showsthe error percentage of the comparison of set values. These graphs rather show
the size of the domain is also set appropriately in lateral direction as the error percentage of
simulated results compared to measurement on either side of the dierfesn,than 5% under

any modeling regime.

3.1.1.2 Oblique Wind orthe Eastand South Facades
For a stanéhlone building exposed at 4&n the east andauth facadesyverall, all the four
models find the profile of the-velocity over the mechanical room on pathweach other and
within a proper margin of error, 5%s shown irFigure3.13a. Though iis notable that as for
the previous cases;&Realizable with powelaw velocity inlet will predict the results slightly

better than té rest of the crowd, 3% on averagegFigure3.13a.
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On the note of fagade measurement points, the turbulence models uAder l@jocity inlet

find the wind tunnel measurements rather precisely, that is less than 8% of error. margi
Realizable on a powdaw velocity inlet profile underpredicts the measurements on the east
facade almost everywhere. On the downstream measurement over vertical ptbéleast
facade. Overprediction of twequation turbulence models in that regiesults in a better
performance of e Realizable on a powdaw velocity inlet for the top half of the east facade in

that region and overprediction of other models based clalgelocity inlet profile.

1 To find the error percentage values, gé\fpendix B- Error Percentage Plots
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As far as the South facade is concerregure3.13c and ¢d which happen to be the upstream
side of the facade when the building is exposed to wind at that angle, there is underprediction by
all the models everywhere on that vertical profile. ThougtRealizable with powelaw inlet

velocity find the velocity to be less than other models.

Overall, the error margin in that region is beem-5% at near the roof #30% near the ground,
bearing in mind thatde Realizable with powelaw inlet velocity nearly 5% off on every
measurement point than the other thregure3.1.3. At the middle of the south facadégure
3.13c, k-e Realizable with powelaw inlet velocity profile again finds lower values for the
velocity thanother models. The results find the measurement at a much lower margin of error,
between +4% tel12%, excluding ke Realizable with powelaw inlet velocity profile Figure

3.13c.

Marching towards downstream of the facade, thraegprediction fades away and turns into more
precise and consequently overprediction of CFD at the west edge of the southFagade,

3.13d. So much so that singularity ofdRealizable with powelaw inlet velocity in findng the

results to be lower than the rest of the models makes it a better fit as this model shows a better
agreement with wind tunnel measurements. It is noteworthy to state that at this region of domain,

studied models fail to properly fit the shape ofwhied tunnel measurementsigure3.1.3d.

Regardlessrigure3.1.3d shows a&7% margin of error for 4e Realizable with powelaw inlet

which happens to bieature as the best modelthis region and7% to 20% margin of error.

Overall, for the standlone buiding under oblique wind load, inlet velocity profile is rather
more important than the choice between turbulence models under study in this thesida®Rower

scheme predicts the velocity to be less than the equivaledaonlet velocity profile.

3.1.2 Validation of Simulations on Surrounded Building
3.1.2.1 Normal Wind to the East Facade
A fact about the graphs of CFD comparisomwiod tunnelmeasurement on a surrounded

building is that on the side that the concentration of surrounding buildings upstream js lower
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south side of the east facaéiggure2.3.2, the error prcentage of the comparison the east

facadesimulationpoints is bwer by a margin of nearly 10%igureB.4b and €.

—East Fagade Stagnation Pn-int

Figure 3.14 - Velocity contour (plan view) and streamlines at 5 m above the ground, alongside the location of
stagnation point, around surrounded test building, exposed to normal wind on the east facade, Stanaéhd k
U10= 6.7 m/s left pointingarrow shows inlet wind directién

Moreover, the stagnatioromt is now shifted toward the south edge of tast éacadgFigure

3.14, versus a symmetrical staiatbne building where the stagnation pogtheoretically in the
middle. The concentration of the upstream surrounding buildings also physically describes this
phenomenon. On the south edge, thst éacade sees a less dense upstbesiaing
concentratiorwhich allows the flow to gain momentum that region andonsequentlyas the
velocity there is highehtn the upstream region of thertin edge side, the stagnatipoint

clearly shifts towards theoath edgeseeFigure3.14.

For a surrounded building, under normahd on the ast facade, the shape of the profile3
above thenechanical roons closely followed by all four modelgjgure3.15a. Though ke

Realizable with powekaw inlet \elocity tends to ov@redict thewind tunnelmeasuremes,

1 SeeAppendix B- Error Percentage Plots
2 Inlet wind directions in figures in this thesareall from left to right, except for the ones that indicateth
direction
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more than other model&s far asthe facade measurements are concerned, because of the
surrounding upstream buildings, the results of the simulations are slightly altered by the

turbulence modelsed Figure3.15b to d).
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Figure 3.15 - x-velocity value comparison omstical profile, with the surrounded buildirexposed to normal wind
on the ast facale'

As far as the measurement points on the lower thueeters of the facade are concerr@daD

almost all the time undpredicts thavind tunnelmeasurementt is also impotant to notice that

1 To find the error percentage values, gé\fpendix B- Error Percentage Plots
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EC-base Figure2.3.13a andFigure3.14) is still the closest to the stagnation point and rather far
from the edges which resultsitrseeing the lowest values for the velocity upstream, less than
3 m/s,Figure3.15d.

On the simiations above thenechanical roonFigure3.15a, all four models find these
measurements withian error percentagaarginof 5%. For the top threeneasurement points,
which are ortop quarter portion of the fagade, all four retsdfind the measurement with small
margin of error, less than 2Q%igure3.15b to d Thiserror margirfor the edge measurement

points goes down to 10%ijgure3.15b to d

Overall, one can observidt the choice of twequation turbulence models, or inlet velocity
profile, for the surrounded building simulations, is a lot less important than the same problem, in
simulating stangilone building. It is noteworthy to mention thatdSST tends to overpdictx-

velocity near the facade that other three turbulence models used.

3.1.2.2 Oblique Wind orthe Eastand South Facades
For a surrounded building exposed t@ wind ontothe east andauthfacade of the building,
over themechanical roonabove the roof, oa vertical profile Figure3.16a, the highest error
margins are attributed to Standaravland the best fit is-e Realizable with powelaw velocity
profile. What is noteworthy to discuss is that amongst all four models stueie8 3 rather
finds a lower velocity near theetanical room(wall boundary) compared to the rest and the
rate of change of-velocity to the distance from the ground is higher than the rest of the models.
Predictions by kv SST above thenechanical roonshows that the first calculation node except
for the nonslip wall boundary gives a value fgivelocity to be less than 2 miSigure3.16a.
This is compared to more than 6.5 m/s value of the same node predicted by the other three
models. Though, all four models assume comiplarvalues as one departs nearly 2 m from the

wall boundary on that profilé lhe simulation results in that region are in the rangd%fto 8%.
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Ontheeast fagade measurements when exposed to oblique wind, unlike the case with normal
wind onthe east facadeht surrounded building simulations are rather responsive to the
turbulence model used. This sensitivity is accentuated as one marches onto the north facade
measurement comparisonse Realizable with powelaw inlet velocity profile finds the lowest
x-velocity values, then comesdRealizable with logaw inlet velocity profile and then is

between Standardw and kw SST. On the south side, which is the front edge of the building

1 To find the error percentage values, gé\ppendix B- Error Percentage Plots
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when it is facing the wind at 45nthe easaind soutfacade, Standard v finds x-velocity to

be lower than what-kv SST predictst. Though on the center and tharthh edge, that order is
reversedFigure3.16b to d Notabe thing is that the highest difference between the prediction

of all the models is 1 m/s which occurs at the top half of the facade. On the downstream side of
theeast facadewnhich is the north edge, the simulation fails to find the shape of the meastirem
as the flow tends to accelerate near the ground anédwation models used in this study fail to
imitate that pattern in those regiofsgure3.16d.

On the north fagade measurements under slanted witice@asand soutfacades at 45, one

should note thahenorth fagade is on the leeward of the building. Simulation of such eddies
bearing in mind that the physical value of velocitgassiderably low in that regiors beyond

the strength of tw@quation turbulence models. Second reason that error percentage in that
region reaches those high values is that the surrounding buildings in the leeward area of the test
building under any wid direction are not simulated in the current study for simplification
purposes. That contributes to the unrealistic results. Though a couple of things are noticeable.
Firstly, Standard &v imitates the shape in that region better than the rest of the models.

Secondly, it also features the least amount of errors amongst all.

3.1.2.3 Oblique Wind orthe Eastind North Facades
As far as the &st facade measurement points are concertating withthe south edge of the
east facadefrigure3.17b, much like downstream of 4®ind ontheeast andauth facades,
there is an acceleration on the bottom two points which ouetysation turbulence models fail
to predict. Thougtmuch like 43 wind ontheeast and south facades, here on wintherast
and rorthfacade, k-e Realizable with powelaw inlet velocity profile rather finds thevelocity
to be lower than the other modets facade measurement poinhis differences less than 0.5
m/s at maximm. For these points across ttesefacade, the error percentage is less than 10%
for k-e Realizable with powelaw inlet velocity profile for all the points on the top half of the
facadeFigure3.17bto d
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In the same manner, as when the wind blowtheeast andauthfacadeson the upstream
points on thedp half, ESibase and ESBase Figure2.3.13), k-w SST finds the velocity to be
higher than Standardw by a smdlmargn, here with wind blowing otheeast and north, on
EN1-base and ENDase Figure2.3.13), k-w SSTpredicts the velocitga bit higher than

Standard kw. As one marches towards the center and doeaust, which here atbe south

1 To find the error percentage values, gé\fpendix B- Error Percentage Plots
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edge(ESlbase and ESBase) of the ast facade, Standarevkfinds a higher velocity thanw

SST,again,by a very small margin.

Studying the results on themh facade, much like the staatbne building exposed to 2&ind
ontotheeast andauthfacades (Section3.1.1.9, Figure3.13, for whichthe east edge of the
south facade was the upsam side, NEbase Figure2.3.13), CFD simulations underpredigt
velocity. Asone marches towards downstream, whicthe west edge, the undezdiction fales
away and replaces with oyeediction. As one mowetowards the west edge of tharth facade,
NC-base Figure2.3.13), at the center of the fagadhe results are more accuratewards the
west edgethere is an overediction which makek-e Realizable with powelaw inlet velocity
profile a better fit, much like the stafadbne buildingsimulations exposed #b5° wind ontothe
south and ast fagadeqSection3.1.1.2). The overall error percentage margin on this side of the
building is less than 30% on the top half points and much higher on the bottom half, due to
failure of two-equation turbulence models to find {hettern ofx-velocity in that region. On the
center and downstream region of the facade, the overall margin of error in simulation is less than

30% and less than 15% respectivélgcause of what already discussed

With wind blowing ontahe east andarth facades at 45 k-e Realizable with powelaw
velocity inlet profile finds thex-velocity with the lowest margin of errat2% above the
mechanical roonFigure3.17a. Coming after in prediction precision are all the other models

under loglaw vdocity inlet profile with an error margin of 3% to 7%.

3.1.3 Comparisoramongst Turbulence Models
Comparing contours of velocity and field of velocity vector on a-ptéhe that cuttheeast and
westfacade in half,Figure3.18, onecan notice the difference between the size of eddies
predicted up and downstream of the building near the correspdagendys. The center of the
major eddy predicted upstream of the building, rileaeast facade is farthest from the building
in k-w SST, Figure3.18f and b, then comes StandaravkFigure3.18a and eand then ke
RealizableFigure3.1.8c and g. This observation is rather differentd@tanealone building,
Figure3.18e, f, g and h, as the distance of the center of set upstream eddy is considerably
predicted to be closer to both the adjacent ialindaries, the ground, and the east facade, than
for surrounded building.
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Figure 3.1.8 (Continued)
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Figure 3.1.8 - Contours of velocity and field of velocityzt 0 plane, around surrounded test luliilg expose to normal wind tahe east facadefor
Uio= 6.7m/s arrow shows inlet wind direction
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