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ABSTRACT

A Comprehensive Numerical Study of theEffects of Adjacent

Buildings on NearField Pollutant Dispersion

Mauricio Chavez Yéariez

Concordia University, 2014

Air pollution is a major concern in industrialized countries. In dense urban areas, the most
common sources of pollutants are the exhatasks ventilators, and cooling towelscated on
top of buildings. Depending on wind characteristics and flogin@uilations induced by adjacent
buildings, effluents can be transported toward fresh air intakes and contaminate indoor air causing
health poblem to theb u i | doccapgngsdThis particular urban pollution case is known-as re
entrainment of pollutantsUnfortunately the available dispersion models are not adapted to
analyse such problems, since they were developed for an isolated buildiiguaion The
present research aims to investigate pollutant aerodynamics-anttainment potential for nen

isolated building configurations using Computational Fluid Dynamics (CFD) techniques.

To do so, lhe steady Reynoldaveraged NavielStokes (RAS) approach was evaluated
and compared with wind tunnel data and ASHRZ®E.1 dispersion model results. The best
numerical model possible was defined by performing a sensitivity analysis on the effect of
meshing, turbulence model, convergence criteriatarmilent Schmidt number ($cFor passive
scalar transport, it was observed that RANS underestimates dilution when using the standard Sc
= 0.7, perhaps due to the inherent incapacity of RANS in reproducing unsteadiness of flow.
However, a sensitivity alysis showed that a better agreement is obtained with &8, which

is within the range of values suggested in the literature.

Furthermore, @&omparative performanaevaluationof steady and unsteady approaches
was carried out. Three unsteady modellteghniques were compared: unsteady Reyrolds
Averaged NaviefStokes (URANS), Detached Eddy Simulation (DES) and Large Eddy Simulation



(LES). The flow pattern within the wake of a thailding configuration was evaluated and
dispersionof pollutantscompare against wind tunnel data. The influence of meshing size, time

step and inlet boundary conditions whscussedURANS usingthe Realizabley model , f ai
to reprodue unsteadinessand dilution values converge tbe same RANS results but DES

capturs well the unsteadiness of the flow. LES dilution predictiansnot satisfactory in all

locations, perhapbecause the mesh used was not sufficiently refined near the ivallas

concluded that under thespecified computing conditions, DEShowed rest$ closer to
experimental data than all other approaches considered.

Finally, RANS was selected to perform a series of simulations for threesatated
building configurations: a building located upstream of an emitting building, a building located
downgream of an emitting building and an emitting building between two tall buildiigst
performing a parametric analysis of geometric characteristics of adjacent buildings, a guideline for

safe placement of intakes on buildiffgeades was proposed.

In line with the previous resultd)is thesis provideshreerelevant contributions. First, in
terms of numerical simulatiorthe thesis contributes witimsights concerning computational
simulationfor pollutant dispersionn urban areasSecond,additionalinformation in terms of
normalized dilution values, contours and streamlines for difféngtding configurations (isolated
and nonisolated)is given in order to better comprehend the pollutant dispersion in the urban
environment Third, the thesi®ffersa guideline with practical recommendations regarding safe
placement of intakes to avopbllutantsre-ingestion.These results are also a souatedata to

code and standard writing bodies.
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1. INTRODUCTION
1.1 Motivation

There is an increasing concern about the health hazards posedrt@acbpants exposed
to inhalation of fine and ultrafine particles, including microorganisms, dust and@emwlogical
products. Inhaling these particles causes an occupational hazard due to the elevated amount
emitted to the atmosphere and working emvment by vehicular traffic, industries, laboratories,
hospitals and central cooling systems. The permanent growth of industrializedhasilesl
government organizations and scientists to engage into preventive and remedial initiatives to

elimnateor educe negati ve ef f esotalledorian grealyione 6 s he al

The transport of pollutants within the built environment is influenced by many complex
factors. Among others, the most relevant factors affecting pollutant dispersion aménthe
conditions and the urbamorphology(Britter and Hanna, 2003Yhe formerrefers to the wind
speed and turbulence intensity. The higher the wind speed, the greater the mixture between fresh
air and pollutants, and the lower the concentration of fawita (or higher the dilution) that is
detected in the wind stream. In turn, complex urban morphology enhances vortical structures in

the wake of buildingéPanagioutou et al. 2013)

Indeed, these recirculation zones tend to trap pollutants increasingcdoazentration,
which may be very critical if the building fresh air intakes are located in these contaminated zones
increasing the possibility of having ingestion of pollutaftse phenomenon isategorized as
smaltscale urban pollution and is knovas exhaustre-entrainment, réngestion of pollutant or
crosscontaminatior{Petersen et al. 200Bigure 11 shows an exampt# this pollutantingestion

mechanism for a twbuilding configuratiorreproduced in a wind tunnel.

This urban pollution phenonmen is anepisodicevent, which means it occurs randomly
when certain conditions, in particular wind directiembanmorphology and the relative source
locationare metHowever the state of art has not been sufficiently advanced to allow building
enginers to apply appropriate design criteria to avoid such pradl@nmew construction or help
alleviate it for existing buildingshus,limited information and recommendations are available in
the literaturg(Snyder, 1981, Schulmaat al. 1993, Saathofétal. 2009 Stathopoulogt al. 2004

2008).To limit air indoor contamination caused by the ingestion of outgofiutants, a better



understanding of pollutant aerodynamics is neebfethis sense, ik thesisaims at investigating
the applicability of omputational fluid dynamics to pollutant dispersion for complex building

configuration.

\Wind direction

—
_

Figure 1-1. Recirculation zone in the wake of a building (from:

http://www.epa.gov/lab21gov/pdf/bp modeling 508.pdf

Computational Fluids Dynamics (CFD) is a useful technique for dispersion simulations
since it provides detailed information of flow patterns and concentration fields by solvitmthe
equationverthe entire computational domain. Even though CFD is largely used for research, it
needs to be treated with care since it can be a source of significant errors conditioning the
suitability of simulation results. The curretitesisincludes a comprehensive review of most
relevant computational parameters in order to ensure reliability of the rétultis in perspective
the advantages and the disadvantages of using CFD for parametric studies on pollutant dispersion
in urban areas. Thelfowing section describes in detail the objectives ofthiesis

1.2 Objectives

The main objective of this thesis is to establish a reliable method to study the effect of
adjacent buildings on theearfield dispersion of effluents using the Computation&lidr

Dynamics (CFD) approach.t s houl d be nfoiteeldd ot hcaotn ctehpae funseeadr


http://www.epa.gov/lab21gov/pdf/bp_modeling_508.pdf

involves the fluid mechanical interaction between two or three consecutive buildings

corresponding to a smadtale of urban pollutioproblem

The specific bjectives are as follows:

1 To improve the accuracy and reliability sttadyCFD simulationsto predict pollutant
dispersion in urban areas. To this end, systematic comparisons with wind tunnel data
were carried out. The comparisons allowed the identioatof the necessary
parameters and conditions that needed to be adjusted for the successful evaluation of

CFD to resolve dispersion problems.

1 To evaluate the applicability of unsteady approaches under an engineering perspective
This means consideringa®nablemeshing and time stegizeto optimisecomputing

time and accuracy.

1 To conduct a parametric study of dispersion for different building configurations
focusing on the effect of adjacent buildings. The gealo identify the dminant
parameters afféing dispersion of pollutants in the vicinity of an emitting building.

Threecasef nonisolated building configuratiowere examined:
i.  Buildings of different geometries placed upstream of the source;
ii.  Buildings of different geometries placed downstrearthefsource;

iii.  One building placed upstream and another building placed downstream of the

source

1 To produce a guidelintor safe placement of intakes on buildings facadesmall

urban layout composed by two or three buildings.

1.3 Ouitline of the thesis

Following the introduction in the current Chapter, a detailed literature review is presented
in Chapter 2, describing previous studies carried out in the area efieldgslume dispersion
using CFD. Chapter 3 describes te&perimentalmethodology Chapter 4describe the

computational methodology. In Chapter 5 comparisons with tunnel measurements are made in



order to validate the numerical methodology. In Chapter 6 unsteady approaches are evaluated. In
Chapter 7 an extensive parametric study is conduetsdia guideline to avoid regestion is
producedFinally, summary, caclusions and recommendations for future work are presented in
Chapter8, followed by a list of references and appendidédse following figuredisplaysthe

outline of the thesjgrigure 12.

Chapter 2

Chapter3

Chapterd

Chapters

Chapter6

Chapter7

Chapter8

Figure 1-2. Outline of the thesis



2. LITERATURE REVIEW
2.1 General

The accurate prediction of pollutant dispersion in urban areas retherenderstanding
of urban aerodymaics. The extreme complexity of air flow in the city is conditioned by local
geometry (building density, building heights distribution, street configuration, etc.) and local
topology as well. For this reascam accurataunderstanding of fluid mechanicspdied on urban
wind field is necessary for future improvements in modelsraathods (Cermak et al. 1995).
Pollutantdispersion prediction has been addressed using mainly three methods: wind tunnel
experiments,full scale modelling,semi empirical formuladns and Computational Fluid
Dynamics simulations (CFD). In this section a baeérview oftheurban pollution issufllowed
by wind tunnelmodelling, full scale studieandsemi empirical formulationwill be discussed
The last part of the sectigmesentsa detailed review of the CFD approach for pollutant dispersion

studies

2.2 Urban air pollution

Urban air pollution is a major concern since it has been priovhdvethe direct adverse
effects onhealth In 2013 thelnternational Agency for Researon Cancenof the World Health
Organizationofficially classified outdoor air pollution air as carcinogenichtamans(WHO,
2013) Theair pollutionin urban environments has many forrpsllution from outine activities
(vehiclesexhaustindustrial chimngs, etg, pollution from accidental or neaccidentatelease of
hazardousnaterialsi seeFigure 21i (explosion, smoke from firevents etg and episodicirban
pollution, whichis relatedto re-entrainmentor cross contamination from one building to an

adjacent building.



Figure 2-1. Smoke in event of fire $ource

(www.wiis.uni.lodz.pl/edu/higher wkshp c irwin _19oct.pdf

The mat effective strategy to cope the risk infakes air contaminatiors generally
through increasing filter effectiveness; however, it is possible to assist the risk management
episodic uban pollutionby employing techniques capaldépredicting the déct of a source of
pollutantsin the neaifield environmentWe wnderstad hereby i n e a r : the fluiel metkanical
interactionbetweena source withinwo or three consecutive buildingsthin the urban canopy

layeri see Figure 2.

The mostfrequentlyused predictive techniques are; wind tunnel, empirical model and
computational fluid dynamic¢CFD) simulations. Full scaleexperiments arealso used for
dispersion studies, baincethe tests are done on existing buildings, éatsed for evaluationro
to validate wind tunnel experiments or CFD simulations. The following is a literature review of

techniqus used for dispersion studies.


http://www.wfis.uni.lodz.pl/edu/higher_wkshp_c_irwin_19oct.pdf
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Figure 2-2. Urban air flow (Britter and Hanna, 2003)

2.2.1 Wind tunnel studies

Wind tunnel modelling has been largely used to study the flow characteristics associated
with bodies that are completely immersed in a moving fldve major advantage is the possibility
to control thewind conditionsand physical (modelronfiguratons This approach allows
simulation of flow in complex building geometries including the effects of surrounding structures
and local topologyMeroney (2004) definewind tunnel or water tunnel as analog computers
which have the advantag o f A nteeag i mar foi nries dil mtt i @int ea nwhe niion
Furthermore, this model approach employs #fAreal
flow separation and recirculation are automatically taken into account without any kind of
approximationAlthough wind tunnel studies are useful in predicting plume dilutibmsay have
some similarity constraints issueBhe major disadvantage associated with wind tunnel modelling
aretime and financialimitations Blocken et al. 2008 igure 23 shows the undary layer wind

tunnel at Concordia Universitwherethe experimental padf the thesisvas conducted



Figure 2-3. Front view section of the Boundary Layer Wind tunnel at Concordia

University, Montreal, Canada

2.2.2 Full scale studies

Full-scale testing avoids difficulties and assumpti@rscounteredin wind tunnel
concerning similaritieslits major adiantageis thatit provides data from real atmospheric wind
andreal layoutcomplexity. The measuremente a/aluable information which is used to validate
wind tunnel of computational modelling. The major disadvarstage related with cost and time
relatedto cary out field studies. In additigrihere is alséhe uncontrollable nature andriation
of wind and weather conditionsvhich can affect the duration and accuracy of the research
(Blocken et al. 2008)-igure 24 shows a field pollutardispersion test carried out at Concordia
University.



Figure 2-4. Roof of BE building, Concordia University, Montreal

2.2.3 Empirical models

The Gaussian model is a mathematical (normal) distribution of pollutant concentration
emitted from stacks in the vertical and crosswind directions. It is the basic workhorse for
disperson, and it is the one most commonly used because: 1) it produces results that agree well
with experimental data, 2) it is fairly easy to use and 3) it is consistent with the random nature of
turbulence flanna, 1982). Thisnodel does not consider s#pedfic geometries that may
substantially alter plumbehavior thus this approach is not applicable for complex buildings or

locations where other buildings are nearby, which is the case in urban areas.

Currently, the American Society of Heating, Refrigargind Air Conditioning Engineers
(ASHRAE, 2011) develops standards for desigmeaing with the design and maintenance of
indoor environmentshtp://www.ashrae.ofgThe ASHRAE Applications Handbook, Chapter 45,
gives guidelines for determining plumiéutions for an isolated buildingi.e., without considering
the effects of adjacent buildings.geometric stack design method for estimating minimum stack
height to avoid plume entrainment in the flow recirculation zones of a building and its rooftop
structuress proposedn ASHRAE (2011) Figure 25is used to explaithis method.
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Figure 2-5. Design procedure for required stack height to avoid contamination [from
Wilson (1979)]

In ASHRAE (ASHRAE, 2011)dimensions of the recirculation zones are expressed in terms of

the scaling length, R, which is defined as:
Y 6868 ¢ p

whered is the smaller of upwind face dimension (height or width) @nés the larger of these

dimensions (m)The dimensions of flow reirculation zones that form on the building are:

0 ™ QY ¢ G
W TY ¢ O
0 TY ¢ T

WhereO is the maximum height of the recirculation zone atrdwf, @ the distance from the

leading edge t€O and0 the length of the roof recirculation zone. The wind recirculation cavity

0 id defined asb Y.

These formulations are useful in estimating the minimum stack height apcéssthe
plume to just avoid the recirculation zone. The design method assumes that the boundary of the

high turbulence region is defined by a line with a slope of 10:1 extending from the top of the
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leading edge separation bubble. The location of thmelrelative to the recirculation zones is
determined by taking into account the plume rise due to exhaust momentum and assuming a
concal plume with a slope of 5: AGHRAE, 2011).

To quantify the dilution of pollutant at specific locatifivam the sourcén thealong wind

direction ASHRAE proposgthe followingGaussian distributian

T'?‘Y ” 7 b
0 & T Qo 0
o0 T, ¢

where™Y is the wind velocity at the building height,; are lateral spreading coefficients,
& the exhaust velocityQ the stack diameter, andthe vertical plume separation ( 4

4 . More details about this model can be foim&SHRAE-2011.

2.2.4 Computational wind engineering for dispersion studies

Computational Fluid Dynamics (CFD) is the analysis of fluid flow, heat, mass transfer and
associated phenomena such as chemical reactionshbggsa subset othe Navier Stokes
eqguations at finite grid locations. It provides results of the flow features at every point in space
simultaneously(seeFigure 26). In urban wind engineering, CFD has emerged as a promising
technology due to the flexiiiy to model complex geometries such as cities with denserisgh
buildings. CFD is not intrinsically limited by similitude constraints (as wind tunpaed) therefore
it should be possible to numerically simulate all aspects of pollutant disperdids arieractions
with thesurroundings (Meroney, 2004). Even though, @fers some advantages compared with
methods previously mentioned, it requires specific care in order to provide reliable results. A
number of parameters such as grid size, digabn scheme, choice of turbulence model,
boundary conditions must be verified and validated by systematic comparison with experimental

data or other high accuranyethods (Blocken et al. 2008).
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Figure 2-6. CFD modelling example

Since the seventies, computational wind engineering, as a branch of computational fluid
dynamics, has begromotedto simulate the airflow around buildings. However, applications of
CFD to air pollutionaerodynamicstartedwith prediction of wind flow and mass transport over
an isolated cubic or other simgdbdaped model. The isolated cubic building is a textbook case; it
is used as a benchmarking process to compare different approaches and methods for dispersion
prediction. The following is a review of studies involving neBeld flow and transport of
pollutants.

One of the first studies involving the complexity of flow field around a bluff body
(representing an isolated building) and the relative performance of various tgebniedels were
conducted byMurakami and Mochida (1988). In th&gudy, velocity distribution from three
dimensional steady state simulations of flow around a cubic model were compared with wind
tunnel results to examine the accuracyhefStandard KJ rtiulence model. The distribution of
turbulent kinetic energy (k) was examinaad it was found that the level of the production of k
around the windward corner was significantly overestimated. The study suggested the
modification of the turbulenceproducton and dissipation expressions the k& model. An
expanded articldoy Murakami and Mochida (1989) reached identical conclusturtsalso

included flow around a building complex.

In a subsequent studiurakami (1993) showethat flow fields around bldéifbodies are

characterized by complex distributions of the straite tensor, which is highly anisotropic and

12



changes significantly depending on the relative position of the bluff body. He revealed that the
overestimation of turbulent kinetic energy, prodd by the Standakdd model , i s i mpr o
the unsteady Large Eddy Simulation (LES). He concluded that one of the most distinct differences
between Standard® and LES i s t he prkineticendrgy.dda concleidedn o f t

that LES has a great potential lawW prediction around buildings.

Brzoska et al. (1997) using fourthorder accurate finite element code, compared wind
tunnel measurement with Standartlk mo d e | simulation of releases
the recirculation zone behind the buildifthe purpose of this work was to quantify the effect of
stack velocity on the concentration in the recirculation. The study verified that pollutant mass in
the recirculation zone decreases considerably at high stack velocity. The fraction captured will
depend on the wind speed and its profile, the building size and shape, as well as the discharge
characteristics. The paper presented a strategy for estimating the fraction of pollutant captured by
the recirculation for the case of a discharge within the waikelly, as previous researchers found,
the authors confirmed that Standartlk mo d e | yields | arge values o
the front corner of the building, which results in reduction or elimination of the recirculation zone
on the top of e building due to the excessive diffusion. In the recirculation zone behind the
building, the turbulent kinetic energy is underestimatieainging separation and reattachment of

streamlines resulting in a largercirculation cavity.

In a similarstudy, Meroney et al. (1999%xaminedthe flow field and dispersiomround
several building shapes. The study compared the turbulent models Stattlard KRe nor mal i z a
Group(RNG)kU and Reynold's Stress Model (RSM) i ncc
code) with wind tunnel measurements. The intent of these comparisenovaeetermine if
relatively robust commercial software could be used to simulate properly wind engineering
problems. It was observed that numerical simulation consistently-pogdicts surface
concentrations downwind of the source locations. The studsidered these discrepancies as a
consequence of the impossibility of Reyned®raged numerical model to replicate the
intermittency of flow in recirculation zones visualized in the wind tunnel. Then, even if the
concentration patterns were well reprogdcmagnitudes were frequently an ordemagnitude
larger than those of wind tunnel measurements. Concerning pressure patterns, it was shown that

numerical predictions were reasonably accurate and magnitudes were close enough to permit

13



engineering calcakions. This suggests that mean pressure fields are less sensitive to numerical
model details than other criteria. Finally, it was found that RSM turbulence models produced

somewhat more realistic results than Standatd ko r RNG model s.

Flowe and Kumar (@00) performed a parametrstudy to determine the length of the
recirculation cavity as a function of the ratio of building width to building height both in front of
and in the rear of the building. The purposéheir study was to investigate the feabip of using
athreedimensionalk) numeri cal model as a means of model
geometry. The collected dispersive data were then used to determine new correlations between the
ratio of building width to building height anthe recirculation cavity size and average
concentration in the rear recirculation cavifjhey concluded that knowing the size and
characteristics ofhe recirculation zone pernsitthe development of improve@aussian plume

models.

Castro (2003) pointedubthe fact that an isolated building, is a practical rarity because any
site of interest generally contains a humber of structures or, at least, has other buildings not far
away from the one of interest and certainly within the expected range of inflWedigonally,
surface pressures and local wind fields depend crucially on the characteristics of the upstream
flow, so it is important to simulate the upstream boundary layer properly. This requires a careful
match between the turbulent model parameders the rough surface boundary conditions. The
study also confirmed that StandardJk t ur bul ence model is totally
bluff bodies, because it always gives too much generation of turbulent kinetic energy just upstream
of the impingenent regions, resulting in inaccurate levels of surface pressures, particularly near
the | eading edges. The study proposedpsidbgriof i
thekU or by using differenti al usclarte whatextantrtheu | e nc
very strong suctions at leading edges and corners can be simulated. It should be noted that the use
of more sophisticated turbulence models, generally requires the use of significantly finer grids and

more accurate numerical sches.

The discrepancies observed in thelk R e y-AveragddsNavieStokes (RANS) model
were examinedby Cheng et al. (2003) who compared Standakd kmo d e | with LES m

fully developed turbulent flow over a matrix of cubgesembling an array of buildgs). The

14



results of his investigation proved that both models give reasonably good qualitative results. For
instance, flow structures including a horseshoe at the front face of the cube that wraps around the
side wall, an arcishaped vortex in the waken@thin separation bubbles on the rooftop and side

walls were observed. Quantitatively, the profiles of mean velocity were generally better
represented by LES model. In fact, thtk RANS model produced a sever
mean streamwise veliblg component in the horseshoe vortex region just upstream of the lower

part of the front face of the downstream cube. This, in turn, creates much thicker boundary layers

on the side. The complex features of flow within and above the cubes array (exy.shedding,

large separation zones, topology of reattachment lines bordering the recirculation regiens, fine
scale flow structures near the side walls, etc.) are reproduced better with the LES model. Clearly,

the advantages of LES model are quite evidenipared withtheX) RANS model ; howe
computational cost (run time) is also significantly higherCiheng et sudyyte (2003
computational cost associated with LES model is about 100 times greater than that incurred with
thekU RANS model

Liu and Ahmadi (2006) studied thmarticle transport, dispersion and deposition near a
building using a Lagrangian particle tracking approach. The computational model accounted for
the drag and lift forces acting on the particle, as well as the eff@bafmian force, in addition
to the gravitational sedimentation effects. A point source of helium gas was chosen to serve as the
contaminant source and the helium concentration in the plane behind the building and
perpendicular to the direction of airflonaw evaluated. The results showed that the deposition and
dispersion of 0.01 and 1um particle were similar. The gravitational force had a significant effect
on the deposition rate of 10 um particles. The comparison with the available data showed an

agreemenfor the mean airflow and gas concentration.

Prediction of small water droplets transport from cooling tower has been studied by
Meroney (206, 2008).CFD predictionf a range of particle sizes in both isolated and complex
urban environments were codsred and compared with experimental datageneral, it was
concluded that CFD predicts plume rise, surface concentration, plume centerline concentrations

and surface drift deposition within of field experimental accuracy.
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Olvera et al. (2008) studiedahrecirculationcavity behind a cubical building using a
commercial CFD code andthe RN@Jk t ur bul ence model . 't was ob:
affects the size and shape of the cavity region of flow structure and concentrations within it. The
article recommends inclling this effect in the downwash algorithm in order to improve the
accuracy of modelling results for field concentration distributions. Indeed, this would be
mandatory in accident assessments, where accurate predictions oteshorineaifield

concertration fluctuations near source releases are required.

The inaccuracies of dispersion prediction associated to Stantfardio d el s and t he
of turbulent Schmidt number ($avere analysethy Tominaga and Stathopoulos (2003% is
necessary to solve the transport mass equation in CFD prediction efsibspwith kU R A NS
model; it is defined as the ratio of turbulent momentum diffusivity (eddy viscosity) to the mass
diffusivity (Sa = B). The paper emphasized on the issue thah&s a significant effect on
dispersion predictions since it appearsthe turbulent diffusion hypothesis, which is used to
estimate the turbulent mass flow. A smaller value et&uls to provide better predicted results
on concentration distributions around an isolated building using Standdrd kno d e | . It |
concludedhat the systematic underestimation of turbulent diffusion of momenturdlby IR A N S
model can be compensated using an appropriate smalleH&gever, to pronounce a clear
statement for the optimum Scemains not possible due to the strong flow charistier

dependence of &c

Di Sabatino et al. (2007) verified theffect of Se¢ for flow within a small building
arrangement and pollutant dispersion in street canyons. The study compared Stdhdardd d e |
with the atmospheric dispersion model ADNgban. Smilarly, with previous researchers, it was
found that the concentration in the street canyons is overestimated. The authors explained this
overestimation as a consequence of the lower turbulent kinetic energy (k) levels obtained in CFD
simulations near #h buildings. Finally, it was also mentioned that dispersion can be artificially

increased by lowering the Sc

Tominaga and Stathopoulos (2009) tested different turbutesdels for flow and
dispersion around an isolated cubic building. Standdud kw aam foand to be inadequate for

concentration prediction because it cannot reproduce the basics of flow structure, for instance
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reverse flow on the roof. However, the RN@Jk and Real i zable model s
agreement with experimental data usgg= 0.3. It was confirmed that the underestimation of

turbulent diffusion for momentum can be compensated by small value of Sc

In summary, the various research studies presented in this section shomahgstudies
concerning pollutant dispersion urban areas have been focused on the isolated building case.
Some publications have found that, in general, CFD simulations show good agreement with
experimental measurements in terms of flow pattern. However, using the steady state RANS model
an underestnation of dispersion in the proximity of the source is always observed for the isolated
building case. Some authors explained this underestimation as a consequence of the impossibility
of RANS to replicate the intermittent nature of bluff body fl@wis literature revievalsoreveals
that the underestimation of dispersion by RANS is a consequence of low turbulent momentum
diffusion predicted near the building. To compensate for this underestimation, a calibration is
possible by decreasing the value of. Blowever, it is clear that changes on @&lue cannot be
generalized considering the particular flow characteristics of each case. Presently, a discussion
about whether a $calibration is valid to improve pollutant dispersion is currently open as it can
be found in variougpublications (Di Sabatino et al. 2007; Tominaga and Stathopoulos, 2007;
Blocken et al. 2008; Chavez et al. 2011).

2.3 Summary

This chapter reviewethe extantpublications related with flow and dispersion around
buildings.Most of theresearchesonsidered here have focusedthe isolated building/hich has
become &enchmark to test different numerical approaches. In term of numerical performance,
numbers of publication have revealed the difficulties of RANS, in particular the standpsildn
model to predict accurate dispersion in the wake of the building. In fact, the common problem of
turbulence models is the underestimation of turbulent kinetic ellergythe wake which results
in less diffusion with a subsequent overestimatodnrecirculation length The origin of k
underestimation is the impossibility of Reynoklgeragednumerical models to replicate the
intermittences of flow in recirculation zones (e.g. the waBejneresearcherfave found that
RSM perform better threStandard kepsilon or RNG

17
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To compensatdor the diffusion underestimatiorsomeresearchersuggest modifying
turbulent Schmidt number (§cReducing Scincreass turbulent diffusion The validity of this
kindo fc afl i br at i ounderdissussim and soelaar dtatementse faravailable in the
literature. Changing Scinfluences only the diffusion mechanism and not the fiydamics
(Tominaga and Stathopould007, 2009 Di Sabatino et al. 2007, Blocken et al. 208

Only three building confuratiors have beerconsideredor fundamentaktudes onflow
and dispersioaround buildingsthe isolated buildinghe street canyon and the array of building
Only afew studies have considerédo-building configuration €. g. Gousseau et al. 2012012;
Lateb et al.2010) butfor fixed geometry. The curreribesisexploresthe effect ofadjacent
buildings on dispersion of pollutant by focusing onghape of building Thereforetwo-building
configuratiors as well as threbuilding configuratios are analysed in term of pollutant dispersion
in the along wind direction.
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3. EXPERIMENTAL METHODOLOGY
3.1 General

The current study is based mainly on CFD simulations; howegembineswind tunnel
experimentswhich were used for validation purposes. Thetmoeology concerningvind flow
modelling using wind tunnés$ described in the presarttapter as well as soraspects gpollutant

dispersiormodelling.

3.2 Wind tunnel setup

The Boundary Layer Wind Tunnel (BLWT) of Concordia University is an open circuit
wind tunnel of 1.8 m square section and 12.2 m in lengtA.thick atmospheric boundary layer
was generated using spires, and coarse roughness elements. The roughness elements consisted of
5 cm cubes that were staggered and spaced about 6 cm from eact atblera probe, whose
accuracy of measurement is generally within 0.5 m/s up to turbulence intensity values of about
30% Hajra, 2012, was used to measure velocity and turbulence intendibge 31, summarizes

the wind tunnel conditions.

Table 3-1. Boundary layer characteristics.

Boundary layer characteristic Value
(wind tunnel scale)
Friction velocity (U*) 1m/s
Roughness length ¢¥ 3.5 mm
Gradient height (g 95 cm
Power | aw expon/ 031
Gradient velocity (V) 14.2 m/s
Turbulence length scale (1) 40 cm
Wind speed at building height (U | 6.2 m/s
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3.3 Scaling consideratiors

For correct modelling of nehuoyant plume exhaust in the wind tunniile thesis

consideredsnyded €1981)criteria:

a) Geometric similarity:

The geometry (shape) betweenfstiale and wind tunnel should be similar.
b) Building Reynolds Number (Re> 11000

Re= (PW/ ¢ where j} and O are the nisthewindvelocitpnd dy
at the building height in the wind tunnel and D is the significant obstruction dimension
perpendicular to wind direction in wind tunnel scale. If the valueafifksufficiently large (>

11000) the flow field becomes independent of.Re

c) Stack Reynolds Number (& 2000

Ra= (D)V/ ¢ where } and O are the c.hthaehatsyspeachd dy
at the stack in the wind tunnel, and Ohs internal diameter of the stack in wind tunnel scale. A
value of 2000 is well established for the maintenance of turbulent flow in apipeg pipe was

considered underneath the model to ensure fully developed flow at the outlet.
d) Similarity of wind tunnel flow with atmospheric surface layer

The wind flow in the Boundary Layer wind tunnel represents an urban terrain with power
law exponent of 0B This exponentyields the best approximation of the inlet velocity profile in
the wind tunnel correspaling experimentRRoughness elements and spires were used to generate
the desired terrain roughness. The model value of the longitudinal integral scale was 0.4m, which
corresponds to a fulicale value of 80 m. The model roughness length of the upstrgarsuee

was 0.0033m, which corresponds to a-fidale roughness length of 0.66m.
e) Equivalent stack momentum ratio

Exhaust momenturt M) i s def ¥ g@d4Jn)a sw hMearmed dng density of

exhaust gas and ambient airg ¥ the exhaust speed and i$ the wind speed at the building
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height. According o Snyder ( 19Md)

equal for accurate simulation of tracer gas studies. Generally febumyant plumes, the term

(yJelyjya) is omitted from

i t hteh ev afl wlel od c dbee

the expression.

and

For

SFs and Nitrogen had 10ppm concentration of BFRt. This implies that the gas released from the

stack in the wind tunnel is practically Nitrogerefgity near to the ambient air).

For all casesnalysedn this thesisa single wind direction perpendicular to the building

face was considered. Dilution concetith measurements were carried out using receptors (4

upwind and5 downwind the stack) located on the rooftopbaf(emitting building) and spaced

0.025m apart and 0.125m from the lateral edges, as shdviguire3-1. Forsome case®eceptors

were also m@ced along the windwardf a downstream building (casi#4 in the forthcoming

section) Theseextrareceptors were located centrally, 0.025m apart starting at 0.075m from the

ground. The stack location for all cases wa$®.Irom thedownwindedge ofbl and 0.125m

from the lateral edge$he data used in this study were colledigdHajra (2012andsupplemental

testscarried ouby the author.

The buildings tested were made of timber on a 1:200 scale.

Un=6.2 mé
 —

Diameter

0.15m

«—— 0.25m—>
Elevation

Plan

0.003 rheight 0.005 n
Receptor location

b
10.075 m

» 0.25m

Figure 3-1. Plan view and elevation of the emitting building (b1)
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3.4 Tracer gas for dispersion

Tracer gas consisting of a mixture of Sulphur hexafluoride) @t Nitrogen was released
from a roof stack of an emitting bA.multi-syringe pump wassed to collect the gas samples to
determine the concentration of effluentsvarious rooftop receptors oflldescribed before
Accordingto ASHRAE (2011), when the sourcend receptors lie in the same recirculation zone,
as in the present study, concetitna values obtained up to an averaging time of 2 minutes in the
wind tunnel correspond to fulicale averaging time of one hour. For the present study the
averaging time for collection of the samples in the experiments carried out in the wind tunnel was
only 1 min, since the instrument is capable of measuring samples at the maximum averaging time
of 1 min. This is not expected to affect the accuracy of the measurements, as disctrsseih
Stathopoulos et al., 200A.Gas Chromatograp{GC) was used tassess the gas concentrations
collected using the syringe samplers. Deviations in concentration measurements were usually
within + 10 %(Stathopoulos et al. 2008).

3.5 Visualisation

Realworld observations andboratoryvisualization tests can facilitatee understanding
of complex flow behaviourand dispersion of pollutant around buildings. The wind tunnel
visualization via smoke release from the exhaust stack model sigfeneones of interest and to
optimize receptor locations for further analysisyduring the dispersion of pollutant can be used
as a reference for qualitative validation of dispersion prediction obtained by CFD simulations.

Figure 3-2 shows corresponding snhapshots for the most representative configurations on
dispersion problem: anatated emitting building and the effect of a building placed upstream of

the emitting building
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Wind

The smoke is dragged
downstream by the wind

. o -...' :'t-t
a) Isolated building

The smoke is trapped if

the recirculation zone
of the upstream
building wake and
dragged in th opposite
direction of the mean

b) Effect of an upstream building

Figure 3-2. Wind tunnel visualization test ofadjacent building effect.
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The isolated buildingcase (Figure3-2 (a) shows the usugllume behaviourduring
pollutant dispersion modelling; the stack plume is dragged downstream by the wind reducing its

concentration by mixing with the atmospheric claan

Significant changes in plume behaviour and, consequenthjispersion of pollutantsan
be noted when a taller building is placed upstream of the emittiitdjng (Figure3-2 (b)). In this
case an upwind displacement of the plume is observed, chysbeé swirl in the wake of the
upstream building. Since the plume is dragged towards the upstream building, the pollutants tend
to pollute the complete leeward fagade of the same upstream building.

3.6 Normalized dilution definition

The pollutant releaseddm stack is simulated with $for a particular exhaust momentum
ratio, M=Ve¢/Un (whereVe is theexhaust velocity antly is the wind speed at bl heighthe
dispersion of pollutants is analysesing the normalized dilution concept, which can be expfaine
as follows: f a pollutant is discharged with a certain initial concentration, this concentration will
be reduced as the pollutant travels within the atmosphere mixing with clean air. Then, dilution is
defined as the ratio between the source conceniratid the measured concentration at a specific
point in the domain. Consequently, the lower the measured concentration the higher the dilution

value will be.

The following formulation, suggestedy Wilson (1979), was used tevaluate the
normalized diluton, Du:
00

(@) ) o p

where:

D, =C,/C, is the dimensionless concentration coefficient at the codsalilweation

(named also receptors);

Ce= contaminant mass fraction in exhaust (this study used 10 ppm)of SF
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C: = contaminant mass fraction at the coordinate location (ppm);
Qis the flow rate at the exhaust{s);
Un is the wind speed at theolatedemitting building heightif), Un = 6.2 m/s.

3.7 Summary

This Chapterdetailedthe wind tunnel setup for pollutant dispersgtndies It presented
the emitting building b1, from which pollutant would be injectednto the atmosphereA
visualization test washown tohighlight the effect ofanadjacent builthg. Concept of normalize
dilution, Dy, was also presented which will be thkey parameter useduring this study for

evaluaing dispersion.
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4. COMPUTATIONAL METHODOLOGY
4.1 General

The aim of the numerical ediction is to solve the governing set of partial differential
equations that describe any kind of fluid flow, such as wind flow in the atmosphere. These
equations are based on the fundamlemaws of conservation of mass, mass speces]
momentum (NavieStokes equations)n this researchcomputational fluid dynamic (CFD)
simulation is used to solve the equasi@md predict flow and dispersiaround buildingsin
general, depending on how CFD solves the equations three approaches can be idantified: D
Numerical Simulation (DNS), Large Eddy Simulation (LES) and the Reynolds Averaged-Navier
Stokes (RANS) equationsvhich uses turbulence models to close the equation sy$tethis
research LES and RANS agaminedThecurrent chapter is a review theoretical background
as well as elemental steps for performing a reliable CFD simula#ifier reviewing the
fundamental equationg, descriptionof the physical modelused domain, meshing, boundary
condition, dispersion mechanism and convergecirion is provided. Al the numerical

simulations performed in this thesis were made using the commercial CFD code Fluent.

4.2 Governing equations

Turbulent flow is governed by the unsteady Nax8éwkes equations:

16
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These equations describe all the details of turbulent flow and dispef$ign.can be
solved numerically, but a prohibitive grid size neettgchigh Re problemsakes this approach
unviablefor urban studiegRodi, 1995)
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4.2.1 RANS

The Reynolds Averaged Navi&tokes equations can be derived by decomposing into the
mean and fluctuating componeatsout the mean, as indicated bel@apital lettersepresent the

mean and the tick represents the fluctuations.

0] Y O T 1
n 0 n T U
® 6 o T ¢

Introducing this decompd#n into the original time dependant equationl{4 (4-2), (4

3), leads to the averaged equation (or RANS equations)

The additional terms, on the right hand side, represent fibet ef turbulence (Reynolds
stresses) and they have to be modelled in order to closgdtean A common method employs
the Boussinesq hypothesis to relate the Reynolds stresses to the mean geldidtyts (Fluent,
2009) by the turbulent viscosity which is not a fluid property, butepends on the structure of
the turbulence (Rodi, 1995),

”‘Q‘ (’)
o T(b(] Tt pm

The most common model for turbulence is thealled ' Q - modelwhich introducstwo

extratransportequatiors (for the turbulent kinetic energy, k and the dissipation ratand* is
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computed as a fution of kand-. In this study the followindgurbulencemodek are tested: the
Standard kepsilon (SKE), the Raeormalization group (RNG) and the Realizable (RLEhe
disadvantage of the Boussinesq hypothesis is that assurnagssotropic scalarAn alternative
model which is not restricted to this condition is the Rdysetressequation model (RSM)
solving equations for the individusiressesThis approach is most suitable for highly anisotropic
flow, as wake of building; however the compudatl cost is higheRSM is testeénd compared

with the previousQ - in this study

Details and mathematical formulation of all turbulence models can be foulRldient
(2009).

4.2.2 LES

LES separates turbulent flow into larges eddies and small edsli®s a lowpass filter
The large eddies are explicitly solved white tsmall eddies are modelled using a subsgale
(SGS)model. The major assumption is that the flow in the subggadebehaves aanisotropic
flow. However, vhen the grid is sufficiently small the influence of the modelled scale is negligible
at the &rge scal€¢Rodi, 1995) The development of the LES equatiquaneceeds ifiashionsimilar
to the RANSequations Instead of ensemble averaging, spatial filtering is perfor(Rédips,

2012 asshown below,

gl
. é:l
|_.
gl

where the overbar denotes the filtering operator and the terms, on the right hahd,side
the SGSomponentdn terms of computational cost, LES is in between of DNS and RARE!I,
1995) but almost 100 timasore expensive thaRANS calculationgCheng et al2003).
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4.2.3 DES (Hybrid RANS/LES)

In the DES approach, the unsteady RANS models are employed in thealleagions,
while LES is used away from the wall (Fluent, 2009)e $Wwitching from onanodel to the other
is realized according to mesh definition and not to the local turbulent properties (LatebT2@13).
application of DES, may still require important computing resources; however ihdeskES,
but greater than RS (Fluent, 2009)

4.3 Physical model representation

Since the present numerical simulation results are validated using wind tunnel data, it is
crucial to numerically reproduce the wind tunnel as much as possible. In consequence, all the
numerical modelandparametergcluded in the presestudyhave the same reduced scaléhas
wind tunnel Thus, he current study was conducted considering a scaling of ITfB@thumerical
building models are represented by simple shapes as cuboid and the computatiaialagoa
parallelepipeds showrbelowin Figure4-2.

SF; release Receptors

Figure 4-1. Schematic representation of nofisolated building
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4.4 Domain

The computational domain is a parallelepipBdsed on recommendations propbse
COSTAction (Franke et al. 2007)he dimension®f the computational domasrespecified as
follows: considering H as the height of the taller building in the model, the lateral and the top
boundary was located 5H away from the building and theebhdundary was 20H downwind
from the building to allow flondevelopment (Tominaga and Stathopoulos, 200&) the inleta
distance of 3Hs adopted in order to minimize the development of streamwise gradients, as
discussedn Blocken et al. (2008).

Figure 4-2. Domain size of numerical model

4.5 Meshing

The meshing analysis conducted for one neisolated building configuratioeshown in
Figure 43. The meshings constructedusing the program Gambit, andetklements used were
mainly hexahedra grids since it has been proved that this mesh style provides the best
computationatesults (Hefny and Ooka, 200®ear the stack and edges a concentration of mesh
is defined and near all the vertical walls structunedahedral elemengsespecified. The coarse
mesh contains 10 elements at the circular section of the stack and 36 elements at each horizontal
edge of bl. The expansion ratio between two consecutivaegdathited to 1.25 and the maximum
cell length fked to 0.075 m far away from the model. To build the consecutives medium and fine

meshes a constant refinement coefficient of 1.5 in all edges of the buikldeised. Finally, the
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resulting three meshese coarse (624,893 cells), medium (1,460,580s¢ and fine (3,374,915
cells). The Enhanced Wall Treatment optjavhich provides consistent solutions for all y+ values
(contrary to thedefaultWall Function that neegi+ larger than 3Pis used(Fluent, 2009) The
generaimesh aspect and details tbe stack and cornersadserved in Figure-8 and 44.

Stackdetalil

Cornerdetail

Figure 4-3. Coarsemesh(624,893cells
r - L

Z7
A e
7 e
SR
D i Vi
A A B N
b ]

a) Stack detall b) Corner detail

Figure 4-4. Meshing details (a) stack (b) and near corner detalil

31



The grid independence is evaluated using the Grid Convergence Index (CGI) which is a
measure indicating how a computed value, obtained with a specific mesh, is far from the
asymptoticvalue (Roache1994). The asymptotic value is calculated using the Richardson
extrapolation method (Richardson etE#)27) as suggested by Franke et al. (2007). The method
estimates an exact solutiof2() of a defined variable from a series of numerical req(dds
obtained from consecutive high quality meshes indexe@ ly this case, the numerical variable
observed is the normalized dilutionnDThe basic assumption is thdtet extrapolated exact
solution corresporglto the asymptotic value of Dwhen the gridsize tends to zero. The
extrapolation is made fromumerical solutions of three meshes having a constant mesh refinement

using the following equation:

Q Q T pT

Lop

In general, the inde}Q p denotes the fin€Q ¢ the medium andQ o the coarse
mesh. TheriQand Qare the solutions for fine and medium meshes respectively. The refinement
ratio is introduced with the terin(= 1.5) and p is the order of accuracy that can be estimated by

usingthefollowing equation:

aE—
! — T U
n 8 P
where, - h Q
Q T PO
To apply the Richardson metihathe ratio of the solution changes from the results of the
three meshesy = ——, should have monotonic convergence the following definition:

- Monotonic convergencer 'Y p
- Oscillatory convergencé&y Tt

- Divergence)Y p
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To analyse the grid convergencey Prediction at three points in the space and for three
meshes were observed. Téelectedpoints are directly above the stack within the wake of the
upstream buildingThey havehe following coordinates: Pokit (1.1 0.15, 0), Poire (1.1, 0.125,

0) and Poin3 (1.1, 0.1, 0). A representationtbé spatial locatiothesepointsareshownin Figure
4-5.

Wind _
i il Pointl @ %

Point 2 @
Point3®

Figure 4-5. Location of three points to analyse grid convergee

The grid convergence study is a mathematical verification which gives an estimation of
spatial discretization errors. As mentioned, GCI is used to carry out the current grid refinement
analysis by providing an uniform measure of convergence basedimated errors derived from
the Richardson extrapolated asymptaatution (Ali et al. 2009). This measurepresents the
resolution level and gives an idea of how much the solution approaches the exact solution. The

GCI can be expressed as follows,

&0 : O i I D X
where Ois a safety factor, here equal t@3 (Celik et al. 2006).

Table4-1 shows the GCValue for each point as well as the valuéraindr). It is observed
that GCI monotonically decreases with mesh refinement in all pointe{G@Cls,) indicating
that grid dependence is successfully reduced by increasing grid=sizpoints 1 and 2 a smooth

convergence toward the exact value is observed; however for point 3 a markedly difference is
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noted between coarse and medium mesh. This difference is clearly obselFiguara?-6 were
Dn, normalizedoy the extrapolated fovalue, is plotted against mesh size. Point 3, whiclosa
to the stack, seems to be more g@resio mesh refinemenGiven that thenedium mesh produces

an acceptable error for a reasonable mesh size it was chosen for the remainder of the study.

Table 4-1. Order of accuracy and GCI for three points and three meshes

GCls2 GClx1
(%) (%)
P1:y=0.15m |0.1861 0.945 0.51 1.67 9.45 4.98

b2(10%) | 01(10Y) | R D

P2:y=0.125m | 0.5350 0.268 0.50 1.71 6.91 3.5

P3:y=0.10m | 0.0810 0.007 0.09 5.96 7.63 0.72

1.8 |
= 1.7 A\ ——Point1l —
% 1.6 \ ——Point2 —
§ 15 \ —=-Point3
s 14 \
3 \
= 1.3
5 \
*~Z- 1.2
1 =$
0 1,000 2,000 3,000 4,000

Mesh size ( x1,000 cells)

Figure 4-6. Comparison of Dy (normalized by the extrapolated value) for three meshes at
three different locations, Point 1 (y = 0.15 m), Point 2 (y = 0.52n) and Point 3 (y = 0.1 m)
above the stack.
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4.6 Boundary conditions

As mentioned before, numericgimulations arevalidated trough comparisemvith wind
tunnel resultsin order to minimize the number of uncertainties, CFD boundary conditions are
defined & similar as possible to the wind tunnel experimental setup. In others words, CFD
simulations try taeproduce the wind tunnel, then all the parameters aunstad;jto the wind tunnel

scale The following is a description of the boundary conditioaduallalong the present study.

The bottom surface (i.e. ground) is a rigid plane with an aerodynamic roughness length
Y0=0.0033 m (which corresponds tg=9.66 m at full scale)n FLUENT this roughness length is
implemented by the sargtain roughness height m), defined sing the function developed by
Blocken et al. (2007):&9.793y/Cs, where Cs is a roughness constant. Considering the default
value of Cs equal to 0.55 khould be specified as 0.0646. However, this value is limited to the
distance of theentroid of the first cell to the bottom domain, as imposed by FLUENT. The effect
of this limitation is translated to streavise changes in thelet vertical profile which would affect
the accuracy of CFD simulatiorsnissuethathas been discussedpreviousworks (Hargreaves
and Wright, 2007; Norris and Richards, 2010; Parens e2011a, 2011b) o reduce the effect
of undesired inlet profile, the current study has adopted the minimization of upstream domain
lengthcriterion by specifying 3Hriertioned previously) as suggested Bipcken et al. (2007).

This option is reasonable the present case considering that the wind flow impinging the plume
is more affected by the presence of the upstream building than the roughnes®\lahgtoutlet,
an outflow (zero gradient) condition is specified to generate a fully developed flow. Building walls,

top and sides of the domain are modelled as no slip walls.

The approaching mean velocity and turbulence intensity profiles measured in the wind
tunnelareused to specify the inlet boundary layer at the CFD model are shokigure 47.
Similar to the experiment, a power law exponent of @@tesponding to urban terrainused for
the study. The velocity at the building b1 height.075 m)is 6.2m/s.

w 8

Yo o o] )
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Figure 4-7. Atmospheric boundary layer profiles fom wind tunnel. a) mean velocity, b)

turbulence intensity.

When the flow enters the domain at an inlet, FLUENT requires specification of transported
turbulence quantities: turbulent kinetic energy profi@ éndd i ssi pati on Theate pr
measued turbulence intensity profiles are converte@profile considering the three components
of fluctuating velocities@&@and &) @assuming:®® "YO™Yfp m.1Then Qis calculated

using the following equation;

~

N - P WP VD T pWw

allxel

The dissipation rate pb#foofyi Iwehe(r®) owaiss dtehfei |
constant (0.42) and u* is the frictionvelbcy o bt ai ned from the ogequat.
with roughness lengthoy= 0.0033 m. At the model scale of 1:200, the equivalenistidle
roughness length is 0.66 m, which is at the low end of the expected range for an urban environment
(0.5 m < y<1.5 m (Stathopoulos et a004).In order to introduc¢hese turbulence parameters
as well as the mean wind velocity profile at the inlet boundary of CFD model, a UDF was
implementedThe boundary conditions are summarizeéigure 49.
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Figure 4-8. Turbulence kinetic energy and dissipation profilesalculated from wind tunnel

data

Top of domainno slip wall Exhaustvelocity inlet (Sk)

Outlet outflow (zero gradient)
Inlet: velocity and turbulence
inlet profile

Sides of domaimo slip wall

Figure 4-9. Boundary conditions of CFD model
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4.7 Mass transpat process

The transport of pollutantis a combination ofwo processedispersionand diffusion.
The dispersionis the redistribution of species due to the difference in velocities along different
streamlineslt refers to transport with the mean fldidw. Diffusion is the process of spreading
mass by gradients in species due to random motions around a center of mass. For a stack emissions
dispersal of pollutants is what happens along the rising plume centertae flow)and diffusion
is what happes perpendicular to the plume centerlidee by turbulenceeffect The latter
mechanism is named turbulemassdiffusion. In the RANS approach thgradientdiffusion

hypothesis to estimatarbulentmassdiffusionis used;

. Ta

0w 0O — T QT
@

—a

whereO is the turbulent mass diffusivity and- the mean mass gradiefito determin€O the

turbulent Schmidt numbgiSa) is needed, which igefined as the ratio of turbulent moment

diffusivity (eddy viscosity) and the turbulent mass diffusivi§, (Sa = /Bx).

In FLUENT Se is considered constant the all domainard it must be declared as input

prior to any calculation or elsedhlefault value assumed is 0.7.

The value of Schas importanimplications for dispersion simulations as observed in
previous studieéTominaga and Stathopould007, 2009Di Sabatincetal. 2007 Blocken et al.
2008). Howeverno definitive statement is available in the literatw@ncerning the validity of

manipulating thestandardsaluefor calibration purposes.

Schmidt numbers have been measured in the wind tunnerioys researchein the past.
Tracer experiments carried dut Koeltzsch (2000) have confirmadstrong dependence of height
within the boundary layer affecting the value of S5owever, rgligible changes in $&ere found
with a change in atmosphesgtability (Flest et al.2002).The estimatiof Sg at the height 0.075
m (emitting building heightusing formulations proposed in previous studseshownin Table4-

2.
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These formulationsre empirical equations based on experimemghsurements. Rotta
(1964) devadped his equation based on temperature distribution within turbulent boundary layer;
Pruitt et al., (1973) used fielteasurements of wet and dry bulb temperature; BydrBradley
(1982) also conducted fieltheasurements to determine flux gradient retesingg Hogstrom
(1996) used previouteld data to develop a new set of equatiand Koeltzsch (2000) performed

turbulentmeasurements of a horizontal plate in a wind tunnel

Table 4-2. Values of Sgin previous studies

Previous studies Formulation Value of S¢
(y =0.075m)

Pi=0910. 4 €y / U)

Rotta, 1964 N : boundary |l ayer thic

0.89
y : distance above the ground within the boundary laye
Turbulent Prandtl number (Pconsidered similar to
turbulent Schmidt number.

Sg= Mim, whg=r(le+ 16 (y/L))and

Pruitt et al., 1973 Go= 0.89 (1+34(y/L)) 0.88
Um : momentum flux
Uc: mass flux
L : Monin Obukhov length = 54200
y : same as previous
Sg="(i¢/lm, whe=r el + 4. 8.:=0.95+
Dyer and Bradley, 0.95
1982 45 (y/L)
m, d L andy same as previous
Sg= Jiim, whergel €53 (/L)
Hogstrom, 1996 . . . 1
m, d L andy same as previous
Koeltzsch, 2000 YwoB w - ,wherea=(.0.226,12.2, 46.2, 81, 0.55

67.9 and 21.5)

U and y same as previous

For computational urban environmental studies, the most commeoal&es is 0.7 which

was proposetly Spalding (1971); bt range from 0.2 to 1.3 accorditogthe flow properties and
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geometries are also us€fominaga and Stathopoulos, 2007). As mentiptieeldependence of
Sa on simulation of pollutant dispersida relevant anchence the present work pays special

attention to Sovaluesin Chapter 5.

4.8 Convergence criterion

The convergence criterion is generally based on the residuals of equatiaisserve to
designate how far the current solution is from the egalition (Franke et al. 2007). Knowing
that the exact solution is obtained after an itdmumber of iterations, the convergence criterion
becomes then the stopping criterion of the iterative process. The convergence criterion is a critical
parameter that should be defined before and monitored during any CFD calcuiiatozver
there is nalear consensus in the literature about the level of iterative convergendastance,
the iterative convergenagriterion for industrial applications issually 10° and the suggested
criterion for urban studies K0° (Ramponi and Blocken, 2012; Fianet al. 2007)The current
section explores the influence of residual definition farddediction forthree casesan isolated

andtwo differentnortisolated buildingconfigurations

Figure4-10 shows clearlythat areduction of the convergence critarirom 10° shows
almost no changes in the final solution. This means that keeping the standard critk@iémsat
sufficient for a converged solution for the case of an isolated buildimgntrast Figure4-11 and
4-12, which correspond tdifferenttwo-building configuration, show that convergence criterion
reduction has an importaeffect on the final R value at roof level Figure 4-13 shows that
reducing the convergence criterion fron®10 0.9x10° by adding closé¢o 800 extra iterations,

Dn varies by more than 500% from the previous value at the specific location x fiGdicated

with acircle in Figure 411). A further reduction of the convergence criterion demonstrates that to
obtain two consecutive variations of; Dy about 7%, a residuaqual to 0.4x108 s required. The
associated computational cost for reducing the convergence criterion froro 104x10° is
reflected on the 8,026 extra iterations needed to reach thislteadldition with residual criterion,

it is suggested motaring a variable in a point within the domain and verify that the variable is
constant or oscillate around a constant value aftgping calculation (Franke ait 2007).
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In conclusion, in order to limit potential source of error andediction fornot having
enough iterations, the convergence criterion was fixed at 0%xH) lower than the standard
value of 1.0x10, for all the equationgzrom the observation @il the norisolated building cases
examined in the present study, about 27,00@ti@nsweresufficient to reach this level
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Figure 4-10. Residual effect on an isolated emitting building (b1)
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Figure 4-11. Residual effect on a nosisolated building (uh2 upstream of b1)
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Figure 4-12. Residual effect on a nosisolated building (uh4 upstream of b1)
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Figure 4-13. Dn at x=0.1m (see Figure 4.1) for different number of iterations when uh2 is

located upstream of bl
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4.9 Summary

The current chaptereviewed theoretical background as well as elementals steps for
performing a reliable CFD simulation. Basic considerations concerning domain size, meshing

characteristic, boundary condition and convergence critevenediscussed
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5. COMPARISON BETWEEN STEADY CFD, WIND TUNNEL AND AS HRAE MODEL
5.1 General

The current chaptepresentssteadyCFD simulationsand compares results withind
tunneldatafor validationpurposesBeforecomparingtwo importaninumericalkconsiderations are
evaluatedturbulence model and turbulent Schmidt numbey) ($bechapteiis structured inthree
sections(1) four turbulence modelsre testedh orderto determine the appropriatagproach for
the current applicatior(2) the effectof Sg on dspersion of pollutantsianalysedand(3) three
representative neisolated building configurationsrecompared using steady CFD, wind rh
andthe ASHRAE prediction model to validateé numericaimethodology

5.2 Introduction

Currently, the techniques available to assess pollutant concentrations in the built
environment include field measurements, wind tunnel tests,- sampirical models such as
ASHRAE-2011, and CFD simulationsAlthough wind tunnel and field studies are useful in
predicting plume dilutions, time and financial constraints are two of the major disadvantages
associated witlthem (Blocken et akR008). A study carried out by Hajra (2012) confirntbdt
most available ser@npirical models cannot be used for néiatd pollutant dispersion problems
since they were developed for isolated buildings andatancorporate the effects of adjacent
buildings. CFD has been used by various researchers tofltwdgnd dispersion aroul isolated
buildings, street canyons and array of buildingsbut f ew st udi es -fieldbve f oc
concept where the fluid dynamic interacsdmetween two or threadjacentbuildings govern
pollutant dispersionThe aim of the presemhapteris to simulate pollutant dispersidar non
isolatedbuilding configurations focusingrotwo important numerical aspects: turbulence model
and turbulent Schmidt number effe€he goal of theinvestigation igo evaluate the performance

of RANS bysystemdt comparisonsvith tunnel data.
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5.3 Methodology

Dispersionsimulations foran isolated1 andan upstream building named uh2 (2KW,
X Lp) a twobuilding configurationas shown inFigure 5-1 (a) and (b), respectively were
performed using four differerturbulence models, namely: Standard k ( SKE) , ®eal i za
(RLZ), Renormalized Group-& ( RNG) and Redeln(RIMY FThe Bsutseners
compared with experimental data for an identical configuration.

For all simulations, all the transport etjopas (momentum, energy, turbulence variables
and concentration) are discretized using seamdér upwind scheme. The SIMPLE algorithm is

used for pressureelocity coupling

b1 uh2 bl
a) bl Isolated b) uh2 upstream of b1

Figure 5-1. Schematic representation of isolated and two-building configuration.

Figure 56 shows the comparisdmetween CFD and experimental data for @ediction
for an isolated emitting building. From the wind tunnel dataab&erved that Rincreases almost
linearly for locations away from the stack in the wind stream direction. This phenomenon is
expected since wind naturally tends to blow away pollutants and decrease concentration (increase
dilution) from the source. It isoted that CFD follows the trend of wind tunnel data in the region
downwind of the stack very well; howevethe computed R values are underestimated by a
constant factor. The underestimation can be probably associated to the inherent limitations of

RANS to capture unsteadiness in a high turbulent regime. High turbulence is characterized by a
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high mixing rate, which promotes dilution and this is exactly what is underestimated in the present
CFD results. Additional comparisons when the stack is locatéteifront edge of the building

have shown similar characteristics, i.e. an acceptable trend agreement and an underestimation of
Dn values from CFDpredictions (Appendird). The region upwindhe stack is characterized very

high Dy valuei no experimental @a was obtained in this region. All cases were obtained using

the standardalue(default by Fluent) of S& 0.7.

5.4 Validation and sensitivity analysis
5.4.1 Turbulence model

A general view oEomputations iterms of streamlines and normalized dilutior, Beld
is analysed for all the turbulence modélgure 52 and 53 showthe streamlingand Figures-4
and5-5 showDn iso-contoursin two planviews vertical middleplaneand horizontaplaneat y =

0.08 m, which corresposdo the stack outlet locatian they direction.

In general, a twabuilding configuratiorinduces low wind speed between buildings. These
zones are also characterized by the presence of high vorticity as it can be noticexdrbgthienes
in Figure 52 and 53. Theanalysisof thefigures brings the following remarks:

RNG showsa strongcombination ofbackvard and upwardvelocitiesin Figure 52 (b).
This is correlated witlthelargervelocity magnituddield in the zoneupwind of the stackplotted
in AppendixB-(2). The effect ofhis strong backow pattern is reflected ihigh dispersion (low
dilution) towards the leeward of the upstrebuilding, Figure 54 (b). In addition, RNG showa
predominant spreading in the vertical gdmainly upwind and very limited spreading in the
lateral directions (see Figuredgb)). The wider plume observed in the horizontal plac@mpared
with the other modelss the resultant of high amount of pollutants trapped in the recirculation
zoneassociated with the upwind separation on the sidégeaipwind building.

SKE and RLZshow comparablstreamlines (Figure-2 (a) and 83 (a)) and velocity field
in the vertical and horizontal plan (Appendx(1) and(3)). In terns of dispersion SKE shows

thelowest spreading upwindhe stackamongall the modelsFigure 54 (a) In addition it shows
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very high dilution (low concentration) in the spaoetween both buildingsear the groundrhis
is because almost no concentrations are ever convected into the vicinity of the separation

streamlinesMoreove, pollutantsaremainly draggedy the mean flondownwind the stack.

In generalRSM and RLZ show comparabflew pattern, except in the horizontal plan as
observed in AppendiB-(3) and @). In the horizontal plan, RSM is the only model that shows
clear acceleration at the lateral coraaf the upstream building. The consequence is a wider

recirculation region in the horizontal plan

In terms of turbulent kinetic energy) shown in AppendiC, SKE shows the higlsék at
the windwardwall of the upstreanbuilding, and the lowst k in the horizontal plane within the
wake. This behaviowwasexpected since it is mentioned in the literaferg.Castro, 2008 RLZ,
RNG and RSM show comparal#ten thevertical plar. In horizontal plae within the wakeRLZ
and RSM show comparabltaesults(AppendixC-(3) and @). In dispersion studies, the accurate
prediction ofk is needed because the turbulent diffusivity governing dispersion mechanism it

related to this variable (Gousseau et al. 2012).

In conclusion,for this casejt can be said that RN@romotes spreading gfollutants
upwind the stackesulting inlow dilution values (high concentratiom) this zonecompared with
the others model#n contrast, SKEpreadpollutantsmostlydownwindfrom the stackthenvery
limited pollutants are found between both buildinBdZ and RSM perform similéy; RLZ
spreadsnorepollutantsupwindthe stackandless in the lateral direction compared with RSM.
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Figure 5-2 . Streamlines of vertical crosssection and plan view at height y = 0.08 m, (a) SK&nd (b) RNG
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Figure 5-3. Streamlines of vertical crosssection and planview at height y = 0.08 m,q) RLZ and (b) RSM
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a) SKE b) RNG

] ] ] ]
ME Mg 3 8 8B d X M@ mE 0 8 80

Figure 5-4. Contours of Dn of vertical crosssection and plan view at height y = 0.08 m, (a) SK&nd (b) RNG. Using Sct = 0.7
and M=1.7

50



a RLZ b) RSM
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Figure 5-5. Contours of D of vertical crosssection and pgan view at height y = 0.08 m(a) RLZ and (b) RSM. Using Sct = 0.7
and M=1.7

51



To quantify thecomparison between dlirbulence moded with wind tunneldata,Figures
5-6 and 57 presehthe predicted R alongthe central line of bor theisolated and noisolated
building configurationFor the isolated case, it is clearly observed @RD predictamportant
lower dilutionsthan wind tunnel at all receptdiar all the turbulence model$hisis attributable
to the underestimation of turbulent diffusion verified in previous studies involving dispersion
around an isolated cube (Blocken et al. 2008, Tominaga and Stathopdd®s 20

Figure 57 showsDn prediction for a twebuilding configurationin general, R prediction
made by all turbulence models follows the trend of experimental data, éxd¢bptregionclose
to the stack where no data is availale the isolated casan underestimation is perceiviedall
receptorshowever,it is muchless severéhan the previousolatedcase Valuesof Dy obtained
by SKE and RLZshowsimilar trendsat roof level. RNG shows highaPat the roof, butelative
low D (high concentrabn) at the windwardvall of b1 This is related with the strong backflow

seen in previous streamlines and-¢amtours.

To quantify the proximity of numerical solution to the experimental data, the variance for
eachturbulence moddk calculatel using wnd tunnel at the referencé&he resultsvere: RMS =
0.21, RNG= 1.47, SKE = 1.42 and RLZ =08. In consequenckSMiis indicated as the most

accurate model for this cak#lowed by RLZ

" Wind

1000 <
i (1] —e

100 \ 1

b1 isolated-WT

Dy
1 -
0.1 -
WINDWARD ROOF LEVEL n LEEWARD
0.01 T T T I\I T T T
0 0.05 0.1 0 0.2 0.25 0.3 0.35 0.4
stack Distance from front edge, along wind (m)
Figure 5-6. Turbul ence model on an isolated emitting building (b1). Using §®.7
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Figure 5-7. Turbulence model on a norisolated building (uh2 upstream of b1l). Using
Sa=0.7

5.4.2 Turbulent Schmidt number

As discussed in Chaptdr turbulent Schmidt number ($tas an importannfluence in
dispersion simulationand the value used for CFD simulation varies dependimgflaw
characteristicsThe following is a sensitivity analysis on:$@r same two configurations seen in

previous sectionAll the cases areatnputed using RLZ turbulence neid

Figures 5-8 and 59 showstreamlines, velocitgontours andDn prediction for the isolated
building and twebuilding configuration. Three $Sealuesare used in each cas@bserving both
figures it is seen that Shas amajor influence for the isolated cas®mpared withthe two
building caseThe underestimation of B perceivedwhen using the standard:Sc0.7 can be
compensai by reducing Scvalue. Hencefor the isolated buildingase and the twebuilding
configurations the optimum Seould be0.1 and 0.3espectivelylt should be mentioned that:Sc
modification influences only the diffusion mechanism and not the fluid dynafhesreduction
of Sg tends to assist the weaknessRANS in simulatingfluctuatiors that activateturbulent

diffusionin the wake However, as discusséy Tominaga and Stathopoulos, (20€8§ kind of
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cancelation of error cannot be generalizesince there is astrong dependence on flow

characteristics. fis is clearly confirmed by observing the tiigures showrbelow.

a)
-20 2468 mis
1000 -
b \
M=1.7
100 -+
10 +
DN
1 -
0.1
"
WINDWARD ROOF LEVEL " LEEWARD
0.01 T T T I\I T T T
0 0.05 0.1 0. 0.2 0.25 0.3 0.35 0.4
stack Distance from front edge, along wind (m)

Figure 5-8. Effect of turbulent Schmidt number on an isolated emitting building (b1)using
RLZ

54



2024668 mis

1000
b)
100 -~
===.sct=0.1 -—
10 —sct=03 ‘
D, - —sct=0.7 — \\
1 - "
0.1 A
[l
WINDWARD 1" ROOF LEVEL LEEWARD
0.01 | !
0 0.05 0.1 0 0.2 0.25 0.3 0.35 0.4
stack Distance from front edge, along wind (m)

Figure 5-9. Effect of turbulent Schmidt number on a nonisolated building (uh2 upstream of
b1) using RLZ

To better visualize the effect of Qm Dy prediction, isecontours in all surfacggusiso-
surface of @ = 1 have beemlotted in Fgure 5-10. The isesurface [} = 1 permits toseethe

tridimensional behaviour of the plume for different building configuratibis clearly observed

that a lower Sovalue (0.1) produces a predominant mass diffusivity leading to a plume spreading

in all directions with a reduced diffusion along the flow. Then, asnSeases the transport

mechanism changes and the plume is progressively advected by the computed dominant flow

against reduced mass diffusion 8dluences the mass transport mechanism ot the fluid

55



dynamics (DiSabatino et al. 2007). The computiolw, for both cases, plotted in terms of
streamliness included for each casAs shown in this comparison, Sts a large influence on
dispersion andhe adequatevalueis highly casedependenceln the following sectionseveral
experimental cases are compared with CFD, in ordéetiect thenostappropriatedsa.

5.5 Results
5.5.1 Description of cases

This section compares several wind tunnel cases with CFD results, the objective is to
validatethe numerical methodology to be used in the current work.

Three different notisolated building configurations have been considered: a building
named ul2 (2lHx 2Ly X Wh) placed upstream of the emitting building (b1), a building named dh4
(4Hp x Lp X Wh) placed downstream of b1 and a third daselving both ul2 placed upstream and
dh4 downstream of bl. The three configurations are represented in FiddreThe actual

dimensiors of the building can be found ifable 71 and 72.

Wind Wind Wind

|dha |dha

w2] ] 1 L 2| 7 L

Caseul2 Casedh4 Caseul2dh4

Figure 5-10. Nortisolated building cases used for comparison between CFD and wind
tunnel data.
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Figure 5-11. Dn contours for isolated and atwo-building configuration using S¢=0.1, 0.3
and 0.7(RLZ)
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For all cases a singleimd direction perpendicular to the building face was considered.
Dilution concentration measurements were carried out using 9 receptors located centrally on the
rooftop of b1 (emitting building) and spaced 0.025m apart and 0.125m from the lateral edges, as
shown in the experimental methodology. For Q#2dh4 8 receptors were also placed along the
windward wall ofdh4. These receptors were located centrally, Oi2&part starting at 0.048

from the ground.

5.5.2 Pollutant dispersion in the presence of an ugiream building (caseul2)

Figure 512 presents normalized dilution comparisons between wind tunnel, CFD for
different Seand ASHRAE2011 for Caseil2 when using M =1 and M =Receptors were located
on rooftop of b1l upwind and downwind the stack. In gelé is observed that a taller upstream
building generates lower dilutions on the rooftop of the emitting building. Similar observations
were made in the field study carried out by Stathopoulos et al. (2008) orreséoluilding with
a taller upstrearbuilding. In that study very low dilutions were also registered at the rooftop of

emitting building caused by the influence of the upstream building.

Observing both Figures-B (a) and (b) and focusing aime experimentatiata, it is
observed that pollant were detected in both sides of the staokfollowing different trendd=or
case (a) when M =,Imore pollutants were found in the portion upwind of the stack. This is
revealed by low R values registeredThis phenomenon makesensesince low exhaus
momentumat the outlet of the stack do not gpellutans chanceo escape from the recirculation
zone created by the upstream building. Then, pollutants are likely trapped by the backflow which
increases concentration (or decreasgib the upwind pdion of the roof. On the othérand for
M = 3 pollutants probably have more chancegéb through the recirculation envelope and be
transportecaway for the wind flow.This explain greater pcompared with M = 1 especially
upwind the stack. Moreover, fod = 3 pollutant distribution seems to haaeniform dstribution
over the entire roof which probably means that pollutamthin the recirculation zoneare well

mixeddue to turbulence.

Observingthe same figuresbut now focusing on CFD simulations particularly for the

standard Scwhich is 0.7, it is noticed that CFD tends to systematically underestimate D
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downwind of the stacklhe underestimation is more pronounced for M = 3 in the downwind part
of the roof.It is observed that, in generalyPrediction is very sensitive to Sesed in particular

for locations far away from the stack.

In Figure 512 (a), which corresponds to a 1 m stack at M = 1, it is noticed théton
wind tunnel and CFD compare well for1Sc0.3 at receptors located dowind of the stack.
However,upwind of the stackvind tunnel dataand CFDcompare wellusingthe standar®éa =
0.7. In Figure 512 (b), which corresponds to a 1 m stack at M = 3, it is noticed th&obh wind
tunnel and CFD comparneell for Sg = 0.1 atreceptors located downwind of the stackwind
of the stack wind tunnel data and CFD compare well using the 8@&. However, it should
mentioned that CFD results with:$€.3 and 0.7 upwind of the stack are very similar, then in this

portion of the rof could be appropriated either 0.3 or 0.7.

ASHRAE-2011 predicts very low dilutions (too conservative) at all receptors making it
necessary to reisit its formulations. Although, ASHRAE 2011 is based on wind tunnel
experimental data the terrain roughnassl turbulence generated due to local topography and
buildings to assess plume dilutions have not been considered. Additionally, the plume rise equation
of Briggs (1984) predicts low plume rise resulting in less plume spread along the roof of the
building. Therefore, the dilutions predicted by ASHRAE are overly conservative. Additional
limitations includeits inability to simulate rooftop structures and assessing dilutions on the wall

of the adjacent building (see Hajra, 2012).

5.5.3 Pollutant dispersion in thepresence of a tall downstream building (casdh4)

Figure 513 presents normalized dilution comparisons between wind tunnel, CFD for
different Se and ASHRAE2011 for @asedh4 when using M =1 (a) and M =3 (b). It should be
mentioned that no concentrationere found upstream of the stack for both cases. This is why no

experimental data were plotted in both figures for this portion of the roof.
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Figure 5-12. Dn prediction for a non-isolated building (ul2 upstream of b1) when stack is in
the middle of the roof using RLZ. M =1 (a) and M = 3 (b)

Focusing on the experimental datdigure 513 (a) and (b)it is observed thdioth caes
show similar trenslof dispersiordistribution, which iy increasesimost linearlyfrom the stack
toward the back edge of b1This reveals that pollutants are diluted ttwe wind as they are

transported downwind from the stack. For M =alhput10 timesmore pollutants were detected
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all alongthe roof levelof bl comparé with M = 3 This differencemakes sense since M = 1
reduces the spreadinig the atmosphere due to low expulsion velqcityerefore greater

concentrations ar®undat low surfaces (roof level).

The numerical results show thaf; 3 strongly sensitiveotSe. It can bementionedhatSag
behavesvery similar to the isolated building case observied Figure 56. The numerical
simulatiors show that [d is somewhat well predicted when the standakd=$c7 is used foM =
1. However, as the exhaustomentumincreass to M = 3, CFD modelling underestimatey D
valuesfor Sg = 0.7. To approximatenumerical results with experimental data Siecould be

decreasedomewhere between 0.1 and 0.3.

ASHRAE 2011 results shoves acceptable agreement with experimentahdar M = 1;

however for M = 3 it shoes an important underestimaasrseen previously.

5.5.4 Pollutant dispersion between two adjacent buildings (casal2dh4)

Figure 514 presentsiormalized dilution comparisons between wind tunnel, CFD for
different S¢ and ASHRAE2011 for casail2dh4 when using M =1 (a) and M =3 (b).

Observing the experimental data, it is noted that the addition of a third building upstream
of b1 generates much lowerDpwind of the stack in comparison with the previous case (case
dh4).In fact, the present three building configuration is the worst case (in terms of low dilution at
roof level) among the configurations presented in the current section. Aal2apellutants are
dragged towards the leeward of the upstream building slgdaiver Dy values in all the upwind

portion of the roof. Same pattern is registered for both M =1 and M = 3.
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Figure 5-13. Dn prediction for a non-isolated building (dh4 downstream of b1) when stack

is in the middle of the roof using RLZ. M =1 (a) and M = 3 (b)

It is observed that the trend obtained by CFD using 8¢7 agree well with experimental

data for both

cases M = 1 and M 4t3s also noted that Dis strongly sensitivéo S¢ upwind of

the stack and very low sensitive downstream the stack.
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Dn were also found on the windward wall of the downstream building (dh4). Wind tunnel
data were found to be comparable with those from CFD, irrespective of the valuginftBe
upper part of dhds showrin Figure 515. In the lowermpart of dh4 some overestimation is detected
with Sg = 0.7; however the trend are comparableis agreement indicates that CFD reproduces

well dilutions in the downwind region of the stack betwb&mandthe downstrearbuilding.
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Figure 5-14. Dn prediction for a non-isolated building (b1 between ul2 and dh4) when stack
is in the middle of the roof using RLZ.(a)M =1 (a) and(b) M =3
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Figure 5-15. Dn prediction for a non-isolated building (b1 between ul2 and dh4) when stack

is in the middle of the roof using RLZ. M = 3

5.6 Additional remarks about turbulent Schmidt number

The numerical results show generadigceptableDn trend compared with experimental
datafor all the cases when low exhaust momentum (M = 1) and standaeDSY) is specified
Therefore for those casest can be said that CFD reproducesll the physics of the problem
However, as observedlong thethree previous casesumerical results show aystematic
underestimation of P values wherhigh exhaust momenturfe.g. M =3)is speified. This is
especially true for simple building configurat®as isolated emitting building or twlauilding
configuratons. In these cases a reduction ot ®amber, whichartificially increases turbulent
diffusion, can helpto match with experimental datkor complex building configuration, as a
threebuilding case, it seems that standard(@&@) performs well indepedtly of M used thus

no changes on $are needed.
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It isimpossibleto generalise a particulartSe CFD due to the complex flowrsicture of pollutant
transportwhich are unique to each casmwever,based in the current study some suggestion can

be made.Thesesuggestions areummarizedn Table 51.

Table 5-1. Suggestios of Sctfor different building configurations

Low M (e.g.M =1) | High M (e.g. M=3)
Isolated bl Sa =0.7 Sa=0.1-0.3
A building located downstream of b1} Sg =0.7 S¢=0.1-0.3
A building located upstream of b1 | Sg =0.7 S¢=0.3-0.5
bl between twor more buildings Sg =0.7 Sg=0.7
5.7 Summary

This Chaptempresentedsteady CFD simulations and compared results with wind tunnel
data for valilation purposes. Turbulensedeland turbulenSchmidtnumber (S¢ wereanalysed
in order to determine thappropriatedapproachto be used in the rest of the current work.
Realizablegurbulent modeilvas chosen angarticular Secoefficients, dependingn the building
configuration, were suggestelSHRAE prediction model was tested and compared with wind
tunnel and CFD. It was concludithat ASHRAE is overly conservative fowprediction.Based

on these results, suggessai Sg for different buildirg configuratiors were presented.
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6. COMPARISON BETWEEN UNSTEADY CFD, WIND TUNNEL AND ASHRAE
MODEL

6.1 General

This chapter addresses pollutant dispersion for abwwaling configuration focusing on
transient CFD simulation approash Three unsteady modeliintechniques are compared:
unsteady Reynolddveraged NaviefStokes (URANS), Large Eddy Simulation (LES) and
Detached Eddy Simulation (DESYind tunnel data fothesame configuration is used as reference
results.The influence ofthree numericalparametes: mesh size, time step and inlet boundary
conditionsare evaluatedin terms of normalized dilution, ¥) at the roof level of the emitting
buildingbl.

6.2 Introduction

Flows within urban areas are highly turbulent and this causes pollutant mixing and rapid
dilution in the near field from the source. The existence of complex vortical structures around
buildings is the main difficulty to predict accurately pollutant concentrations. Thefragséently
used approach for turbulent flow simulation is the set efriRldsAveraged NaviefStokes
(RANS) equations. However, numerous publications confirm that inaccuracies for dispersion
prediction, especially in the neheld of an emitting building, are detected due to the RANS

inherent incapability of reproducing flounsteadiness in detached regi(@bavez et al. 2012).

To address this issuiewhile keeping low computational castsome effort was made to
use the unsteady RANS approach (URANS) with unsatisfactory results. Indeed URANS
performance problems can baufal in the literature, which suggests that further investigation is
needed for complex floveonditions (laccarino et al. 2003). For this reasBANS is being
replaced by the unsteady approach LES. The attractiveness of LES lies on the fact that only small
scales of turbulence are modeled, while large turbulent structures are directly Jbiiseds
beneficial for dispersion modeling since the transport of pollutants is mainly driven by large scales
of turbulencgGousseau et al. 2011). The computational of LES, however, is extremely high.

To solve the computing effort issue, a hybrid URANS/LES technique called Detached Eddy
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Simulation (DES), known as the most widely used hybrideling strategy (Franke et al. 2009

is being increasinglysed for modling flow around complex geometries. A hybrid method
incorporates a turbulence model near the wall and solves directly the flow in regions of free and
separated flow. In other words, hybrid approaches combine the strengtRANIS and LES. In

the presenthapter the DES technique has been used and compared with URANS and LES

models.

6.3 Methodology

As alreadymentioned, the presenhapterinvestigates the dispersion of pollutants using
three unsteady approaches: URANS, LES and OBS physicalmodel useds a twabuilding
configuration corresponding to cask2 alreadypresentedn Figure 41 in Chapter4. The
meshingis constructed principally using hexaheldgaids with structuredmesh refinement near
the walbk of both buildings. Two meds with a refirement factor of 1.@re testedfor each
numerical approach. The meshised arecoarse mesh (624,893 cells) dim mesh (1,460,520
cells). The pollutant exhaushomentum which istheratio between the exhaust velocity and the
mean wind speed #te bulding height: M=Ve/U; (where Ve is the exhaust velocity = 6.2 mgs)
the samen all numerical simulatiomasM = 1.7. It should be mentioned thkt = 1.7 correspond
to a Re at the stack of 201which isthe minimum Re to assure turbulent flown a pipe,as
suggested by Snyder (198ahd discusseciChapter3.

Since the experimental daiaedwere obtained for M =1 and M = 3, a linear interpolation
of those datés made inorderto have a comparable set of numerical and experimental réshats.
Sa is specified equal to 0.3 for dispersion modellwhich, as seen in previous chapter, it
represents a good comprise for acceptable agreement between CFD and wind tunnel data for non
isolated configurationsWhen performing unsteady simulation, time stepe s& an important
parameter to observe. In this chaptfferent time steg are testedin orderto determire its
influence onDn predictions Hence, URANS simulations were performed using 0.1s, 0.01s and
0.001s. Similarly, DES and LES were performed g4€lris, 0.01s, and 0.005s.
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Theinlet boundary conditionfor URANS followedthe suggestions proposed in Chapter
4. For DES and LESandomperturbations at the inlet velocity profigetestedfollowing the
Vortex Model (VM) proposed by Sergent (2002) amgblemented in FluenfFluent 2009). In
essence hie VM generates twdimensionatransverse fluctuations which are added to the mean

velocity profile

For the URANS and DES simulations all the transport equations are discretized using a
secondorder upvind schemeand he SIMPLE algorithm is used for presswedocity coupling.
For LES the filterd momentum equation is discresdzwith a bounded centralifferencing
scheme.For the energy and concentration equatiorseeondorder upwind scheme is used.
Pressure interpolation @efinedsecond orderf-or LES approachhe smallest scalex flow are

modded with astandardSmagorinsky model.

It should be said that LESimulations are performedithout applying ay particular
meshing strateggore than théwo meshes mentioned befofighis isarelevant issue considering
that LES ishighly sensitive to mesh quality in particular near to walls. dine is to compare
unsteady approaches under similar conditions, including meshing characténghicssensthe
LES simulatios performedin the current work should be consideredyasdding preliminary

results.

All casesarestarted from a convergesleadyRANS (using Realizable turbulence model)
solution and stabilized during 5s, which was the time duraboobserve a statistically stable
unsteady solution. The average mean values for velocities amdliesin the unsteady solution
arecalculated considering 5s simulation. This simulation period repseggmtoximately 3imes
the mean flow residence tér{Ldomaif Un) Where Liomainis the length of the computational domain
(Fluent 2009).

6.4 Validation and sensitivity analysis

In this sectionthree numerical paramete(mesh size, time step and inlet boundary
conditions)areevaluatedor eachunsteadyapproach The objective is to determine the range of

influence of such parameteie Dy prediction in a nosfisolated building configurationinspired
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by Meroney efa. (1999), t must be memned that no further effort, apdrom the investigation
of mertioned parameterss given tofind the best numericahodelin order to maximize the
agreement with experimental data. In fastandard coefficiens and common numerical
configuratiors areused tocompardJRANS, DES and LE$or simulatinga practical enmeering

problemsuchtherepresentativerrbanpollutantsituationshown in Figure 4L.

6.4.1 URANS
6.4.1.1 Effect of meshing

This sulsection examines the influence of meshingDarmprediction at walls and roof of
bl for URANS approach. It should be mentsaithatsteadyRANS simulation is included in the

analysis for comparison purposédl.the cases are computed using RLZ turbulence model.

Figure 61 showsa comparison dRANS with fine aad coarse mesh and URANS with fine
mesh only.The unsteady calculatias pefformed using a fixed time step of 0.01s. Simulations
with three Scare also presentefdr RANS, but only Sc= 0.3 for URANS It is verified, &
mentionedin previous chaptershatfor a twobuilding configuratiorthe choice of S 0.3 is
justified dueto betteragreement with experimental dafde results for coarse and fine meshes
showvery small difference on Rprediction at roof level of b1A small effect is only perceived
on the windward wall of b1 when using a standard Sct =l0shouldbe mentioned thatluring
the calculatiorof URANS any turbulent structure was found in the wake of b1, in consequence
the results convergeo same values obtained by RANS.
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Figure 6-1. Dn prediction obtained by RANS (fine and coarse meshand URANS with fine
mesh andtime step= 0.01susing RLZ

6.4.1.2 Effect of time step

The URANS equations are the usual RANS equations, but with the transient term retained.
The interest of running URANS calculation is to detect unstess in the flow by usintgss
computationakffort compared with more expensive approaches (e.g) [E&sidson, 2003)The
basic assumption is thatrbulent time scales much less that mean flow tinseale;then if the
averaging timgtime step)is largerthan turbulent time scalaut smallerthan the mean flow time
scale it would be possible to captuaegescale unsteadinegbrohlich and Terzi, 20085uch
unsteadiness governed by large separations and pronounced turbulent strushatessthose
found in wake flow The following is a sensibility analysis of time steggluction forURANS.
Figure 62 shows the results of three time step; 0.1, 0.01, 0.001s. The observation of results reveals
that no changesn Dy prediction are registered anddutions are identical As previously
mentioned, no fluctuatiawere captureé during the simulation The reason is likely because the
turbulence model used for URANS (Realizabk)kis still too dissipativewhich damps out

unsteadiness cancelling the possiseillations
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Figure 6-2. Dn prediction obtained by URANS, for different time steps usingine meshing

6.4.2 DES
6.4.2.1 Effect of meshirg

Thissulsection examines the influence of meshing for dilution prediction at walls and roof
of b1 for DES approacls described in Chapter BES is a hybrid model thabmbinedJRANS
and LES strategbased on the grid resolutioim the near wall regioor in regions were the grid
resolution is not sufficiently finedRANS equations arapplied In the rest of domain LES is used
where its performance is superior®ANS. The switchingfrom URANS to LESis made by a
comparison of turbulent length scaléwthe grid spacing. T as the grid is refined belothe
turbulencelength. A BESNi t er 0 i s activated amode(Riemi,t ches
200).

Figure 63 showsDES solutiors using fine and coarse mesh and compared with wind
tunnel data. fie time step used was 0.01s. In general, it is perctiaednmportantdisagreement
with experimentatesultsis obtained with both meshemnd thisatboth sides of the stack. Upwind

the stackDn is underestimated and downwitide stack R is overedtmated.It is interesting to
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mention that DES prediction seems tdideorablyaffected by mesh refinement downwind of the
stack only. This is probably rela¢o the location of the reattachmepint of the recirculation
region behindthe upstream buildig which is a complex flowstructure The differencen Dn
observedsuggest that more mesh is needed.
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Figure 6-3. Dn prediction obtained by DES (fine and coarse mesh) and time step = 0.01s

6.4.2.2 Effect of time step

Figure 64 describeshe effect of reducing time stepzefor DES. Considering a fine mesh
Dn prediction is plotted for three time step: 0.1s, 0.01s, and 0.005s. The observation of results,
regardless the disagreement with experimental data, reveadsotonic convergence as the time
step decreaseAdditionally, as observed with meshing effeane step reduction only affect the
downwind part of the roof.
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Figure 6-4. Dn prediction obtained by DES, br different time steps using fine meshing

6.4.2.3 Effect of vortex geneator

Figure 65 showsthe effect of including a timdependent inlet condition in DESwo
cases were evaluated, with and without inlet perturbsitidot considering perturbatiemeans
that fluctuatiors in theapproachindlow are neglected, so thestantaneouselocitiesat the inlet
are identical to theneanvelocities. This option is suitable when the level of turbulence at the inlet
boundaries do not affettieaccuracy ofesults (Rlient, 2009)Consideringoerturbation means
generate a timdependent imt condition by includin@D random fluctuationg the plan normal
to the streamwisdirection(Sergent, 2002)The fluctuationsare introducedhn the calculatiorby
specifying anumber ofvortices in this case 20@t the inleboundarycondition. The vortex model

(VM) algorithm isalreadyimplementedn Fluent (Fluent, 2009).

The solutionpresentedn Figure 65 revealstha inlet VM has anmportanteffect of Dy
prediction.In fact, when consideringVM in the numericamodelthe solution readsa good
agreement with experimental dah practically all the poist It is noted that including VM makes
Dn prediction decrease downwind of the stack and increase upwind of thelssedms that
additional fluctuatiosin the approaching flow change the length of the recirculation regithre
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along wind direction. I n fact upwiadpéarobtheYobfo
and higher dilutionn the dowrwind partof the roof. This means th#te plume wascompletely
trapped by the recirculation region apdhcticallyall the pollutars were dragged upwin(this
also explain the abrupt change of &t the stack location)n this case the recirculation length is
sonme were downwind the stac®n the other hand, when VM is inclij®n increases upwind of
the stack and decreasisvnwindof the stackln this case, the plume seems to be patrtially trapped
by the recirculation regiomndpollutants are spread in bothles of the roof.This change in R
prediction might be because of the intermitsmmnmary of high anbw concentrations produced
by the flowfluctuation ofVM at the inlet.

1000 I i -
DES - fine mesh - inlet with Vortex Model (VM) —_—

— — - uh2 $D
DES - fine mesh - no VM " |__'_|

100 i I:I

WINDWARD " ROOF LEVEL LEEWARD
T T T

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
stack Distance from front edge, along wind (m)

Figure 6-5. Dn prediction obtained by DES, for fine meshtime step = 0.0058nd two

0.01

different inlet conditions
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6.4.3 LES

6.4.3.1 Effect of mesh

As for previous casedine and coarse mesdre tested withLES mode] the results are

shownin Figure 66. The simulatios are performed using a timstep= 0.01s andransient

perturbatios at the inletare not considered

The results show very little charggen Dy prediction upstream of the stack. Thss

probably becausmesh refinement was not sufficient to captadglitionalturbulent structures

nearthe roof and wallsAs mentioned beforéhecurrent work usetlES for exploratory purposes.

For more suitable results, additional tests are needed.
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Dn prediction obtained by LES (fine and coase mesh) and time step = 0.01s

6.4.3.2 Effect of time step

The influence of time step when using a fine meshirgh@avn in Figures-7. The curve

for time step 0.4 seems to oscillate about one another. However, as the time step decreases a stable

Dn predictionis observed.
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Figure 6-7. Comparison of Dy for different time steps using fine meshing

6.4.3.3 Effect of vortex generator

The @ame vortex model used for DES is appliedf&S. Figure 68 showsthe comparison
with and without VM for [d predictionwhen using fine mesindtime step of 0.005s. The results
reveal that VM has an important effect Dy prediction. In fact, when considering VM in the
numerical model the solution reasa good agreement with experimdrdata inpoints located
away from the stackt can be said thahe globalbehaviour of including VM is similar to what
was already discussed for the DES modée differencein this caseis that ¢ose to the stack
some discrepancies are noted and EE&ms to overestimate dilution in this regilbican be said

that inlet conditiorhas a mpor effect on [y prediction.
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Figure 6-8. Dn prediction obtained by LES, for fine mesh, time step = 0.005s and/o

different inlet conditions

6.5 Results
6.5.1 Iso contoursof mean Dy and streamlines

Figure 69 showsin detail themeanstreamlines and dilution contour lines fall the
unsteady approachesll casesconsiderfine mesh andime step of 0.005sand nlet VM is used
for DES and LESnly. The plotted area correspondthe middle vertical plaandthe horizontal
half plan atthe heighty = 0.008m, whichis thelocation in the vertical axisf the stack outlet.

Observing the streamline tfethree cased ESis the only one thasuccessfully detects
flow detachments andortices at the front edge and sid®rners. Those detachments promote
higher a wider recirculation region compared with URANS and DEShe horizontal plan,lia
models capture@ortex structues developeth both sids of the wake; however the vortex from
URANS seems to bkarger In the vertical planyortices between both buildings asemilarly
reproduced in termfcsize and he recirculation lengths are similar for DES and URASept

for LES which seems to be shorter.
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Looking at the spatial distributionf Dy in the verticaland horizontaplan for the three
casesit appears that the mixing effeai DES and LES are stronger than URANISmust be
mentioned that contour lines represantocus of constant dilution, and hence regions where
contour lines cluster together are regions of large dilution gradinetiite vertical plan,itehigher
gradient is obtained bYRANS andthe lower by LES. This is in correspondence with flow
charactestics in the vertical plan. LES shows a clealler recirculation region whichs
characterized by high turbulence activity and high mixulmich promotes spreading the y axis
direction The same verticgdlane showshat DESpredictslower Dn (high cacentration)n the
space between bothildings This is produced by turbulent activity but also because the plume is

complete within the recirculation region, which is not the case for LES.

The observation of Pdistribution in the horizontal plan showgain URANS as having
the highstgradient A global comparison revealsatDESdetectsa large zone of pollutants within
the recirculation region compared witie other modelsThe reason is because in DES the plume
is completely inside the recirculati region, so pollutants are mainly transported upwinihe
stack by backflonstreamlinesin LES the plume is located in the frontier of the recirculation
region, so pollutants are spregavind and downwinaf the stack. In URANS, even if the plume
is within therecirculationregion,theplume successfullgscapes from the recirculatioagiondue

to high vertical velocities This can be better appreciated in FigbHE a).

Globally, it shouldbe mentioned thabn distributionin the along wind dire@in near the
stackis similar forall theappraches. This is because the transport of pollutant in this direction is
mainly produced by advection affedh the horizontal planregardlesof the issue of different
recirculation length, DES and LES havsimilar lateral spreadin@-his is because both reproduce
the lateral fluctuations causey vortex shedding. URANS successfully advects pollutants along
wind direction sincéransport caused by mean velocitieprisdominant in this direction; however
it has difficulties in the lateral direction. This is because the inherent limitation of reproducing
lateral unsteadinesand the associated turbulent mass fluxesichis thepredominanpollutant

transport mechanism in this directi(gee alsoGousseaet al. 2011)
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Half-horizontal planview Half-horizontal fian view Hlaf-horizontal ian view

Figure 6-9. Elevation (middle plan) and half-horizontal plan view (at stack outletheight, y = 0.08m) of mean streamlines and
Dn iso-contours of URANS, DES, LESafter 5s simulation (time step 0.005s) and fine mesh
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Figure 6-10. Mean dreamlines, Ux and Normalized dilution contours close to the stack.
URANS, DES and LES

6.5.2 Mean velocity profile along wind direction

Mean velocity along wind (Ux) was evaluated for all cases along three vertical lines, as
presentedh Figure 611. Theresults show the progression of Ux profile along wind direction. The
observation of Ux profiles reveatlBat URANS and DES have very similar recirculation size in
the vertical direction and both are lower than LES. However, LES has a shorter recirait&tion
along wind direction. This is deducted by ide
the plotted vertical linén Figure 611 (a), (b) and (c).
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The comparison of Ux profile shows differences within the wake of the upstream building.
However, as the flow blows away along wirall profiles tend to converge. URANS and DES
have very similar trersht the three locations except between the two buildings where DES shows
reduced Ux velocities. This is because the backflow for DES in this srehlique with an

important vertical component rather than mainly horizontal velocities as for URANS.

It may be noted that for LES, the downward flow at the right border of the recirculation
region, passes exactly where the stack is located. For DESRAN®the recirculation border is
somewhere in the roof of b1, but downwind the stack. This is relevant because the structure of
airflow near the stack for LES is composed by a mixing of positive and negative velocities. In
contrast, for DES and URANS thé&sk iscompletely immersed in negative velocities. This is
also appreciatedth Figure 610. This flow pattern difference has an important effect on the
characteristisof pollutant dispersion within the wake as it will be discussed further.

6.5.3 Normalized dilution prediction

Figure 612 shows a comparison of all the unsteady approaches togatheases
correspond to fine mesh, time step of 0.08%% VM at the inlet for DES and LEfily. In general,
it is noted that the three approaches converge to sim@alts away from the stack. A good
agreement with experimental data is observed specially for DES in these zones. Close to the stack,
low Dn peaks are registered by URANS and DE$®aust be noted thdhere is no data to verify
the trend of dilution irthis location; however these peaks could be associated to the proximity
with the pollutant source combined with tgedient diffusion hypothesis uséal estimatethe
turbulent mass fluxn URANS formulation combined with the underestimation of fluctutio
(mixing) close to the stack ES predicts a homogenous relative highddsed to the stack. This

is due to high mixing effect produced by the recirculation frontier issue already mentioned.

To quantify the proximity of numerical solution to the expesntal data, the variance for
each approach was calculhtd he results were: URANS = 0.8, DES = 0.26 and LES = 1.43. In
consequencend considering the current numerical seidBSresults arendicated as the most

close to the experimental data for tbase.
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It should be mentioned that ASHRAE 2Qdredictionmodel was includgfor comparisos
purposes. lis clearlyobservedhat ASHRAE 2011 underestimate dilutiopmore than one order
of magnitude. Thisinderestimations expected since ASHRAE formulatiods not include the
extra mixing produced bypwindadjacent buildings.
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Figure 6-12. Comparison of three unsteady approaches: URANS, DES, LES using fine
mesh, time step = 0.005s and VM at the inlet for DES and LES. URANS uses RLZ

turbulence model.

6.6 Summary

In this chapter,hte performance bthree unsteady approaches (URANS, DES and LES)
was evaluatedagainstwind tunnel data for &vo-building configuration. A sensitivity analysis
was carried outto determine theeffect of some numerical parameters &n prediction The
parameters analysedeve; mesh size, time step and inlet boundary condiiDEsS and LES

only).

It should berecallked thatthe current LES simulationwere performed withouadoping

any additionalmeshing strategthan the two meshes presented in sectionT is a releant
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issue since it is known that LES results are very sensitive to mesh refinements in particular close
to the walls. The purpose was to compare three unsi@apipachesinder same conditions
including meshingharacteristicsand this, being awarehatsome turbulent structures would not

be captured by LE8ue tolacking of very finemesh closéo the walls In this sense, the current

LES simulations should be taken as preliminary resWlBANS and DES have not mayor

problens with simulations close twalls since they have the advantage of using wall functions.
The most relevant conclusionsthis chapteare:

- In URANS, no effect of reducing time step was found and the results converged to RANS
solution. This is probably due to turbulence modelochtis too dissipative. High dissipation calms
down unsteadiness, and no oscillations are capt@igdificant underestimations ofndn the

lateral directions occur given that these are actually RANS model.

- In DES mesling and time step were criticalbdnstream the stack. Wasfound that
including inlet fluctuationss necessary for better agreement with experimental tatder the
conditions presente®ES shows results closer to the experimental data than all other approaches

considered.

- In LES, meshng changeslid not shownotoriousimprovement®n Dy predictiors. This
shows that the mesh used was not sufficiently refined near the amalthus failed capturing
relevant turbulent structusén the boundary layein consequence, rja efforts d least in terms
of meshing strategy, should be considenearderto run an appropriate LES simulatidrhe ime
stepis of course criticalAs in DES, better agreement was found when using vortex generator

model at the inlet
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7. PARAMETRIC STUDY OF ADJACENT BUILDINGS GEOMETRY
7.1 General

This chapter presents a parametric study of geometric characteristics of an adjacent
building and its effect on Rprediction at roof level athe emittingbuilding, b1 The analysis has
taken the form of parametric studty which a single parameter, height, width or length of an

adjacent building is systematically changed, keeping all other variables constant

7.2 Introduction

Complexities in airflow and pollutant transport due to terrain conditions, local topography
and buitlings make it very difficult to assess plu@ncentrations (Saathoff et al., 2008his
Chapter is an effort to improve the understanding of dispersion fofisntated building
configurationsThe motivation behind this study is to give valuable insiglohcerning dispersion
of pollutants for a smakcale urban layout, which is a step forward from the classic isolated
building caseThe objective is to detect thparameters that govern dispersion in a-ismtated
building configuration.The parametricanalysis is performed on three neolated building

configurations ass described in the following sectien

7.3 Methodology

The following is a purely CFD study to predict flow and dispersion for various building
configurations. The approach used was teady RANS since it has been proved in the previous
chapters it provides acceptable agreementavitasonable computational cast the numerical
detaibwere appliedollowing thesuggestions from Chapter 5. The turbulgahmidt number was
fixed as 03 for all the casesThe study considers a standard sirgjtery building with astackin
the middle 6 the roof. The objective is to evaluate Bariation along the middle central line at

roof level and walls when differemidjacent buildings are incomaded in thelayout.
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7.4 Description of cases

Three differenbuilding configurations were used for the parametric stdya building
located upstream of b1b) a building located downstream of bl af@) bl between twdall
buildings. A schematic reprag@tion ispresented in igure 71, and the actual dimensions are
detailed in Table -4, 7-2 and 73. It shouldbe noted that cases uh#iland uw?2 are identical,

similarly for casegih2, dl1 and dwz2.

bl bl d é bl d 6
a) b1 with an b) b1 with a downstream c) b1 with both, upstream
upstream (1 (d...) building (ué) and down
building buildings

Figure 7-1. Emitting building and three configurations of adjacent buildings.

In total, 29 configuratiors were tested using a constant exhaust momentum M = 1.7 and
stack located in the middle of the roof of the emitting building,Tih. gas properties used at the
stackwere the same as previous chapters, which means 10 ppmeofAB#itional casesin
particular when the stack is located in the front edge of b1, are pregeAtependixA. For all
casesgeometric characteristics of bdereunvaryingand asingle wind direction perpendicular to
the building face was consideréthe neshing procedurtor all the numerical modei®llowed

thestrategypresented itChapter 4.
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Table 7-1. Dimension of buildings placed upstream of b1l

case Height Length Width
(m) (m) (m)
uhl 0.075 0.075 0.25
uh2 0.15 0.075 0.25
uh3 0.225 0.075 0.25
uh4 0.3 0.075 0.25
ull 0.15 0.075 0.25
ul2 0.15 0.15 0.25
ul3 0.15 0.225 0.25
uwl 0.15 0.075 0.125
uw2 0.15 0.075 0.25
uw3 0.15 0.075 0.375
uw4 0.15 0.075 0.5

Table 7-2. Dimensions of buildings placed downstream of bl

case Height(m) Length(m) Width (m)
dhl 0.075 0.075 0.25
dh2 0.15 0.075 0.25
dh3 0.225 0.075 0.25
dh4 0.3 0.075 0.25
di1 0.15 0.075 0.25
di2 0.15 0.15 0.25
di3 0.15 0.225 0.25
dwl 0.15 0.075 0.125
dw2 0.15 0.075 0.25
dw3 0.15 0.075 0.375
dw4 0.15 0.075 0.5
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Table 7-3. Dimensions of buildings located upstream and downstream of b1l

case Height(m) of the Height(m) of the Length Width
upstreanbuilding downstreanbuilding | (m) (m)
uhldh4 uh1=0.075 dh4 =0.3 0.075 0.25
uh2dh4 uh2=0.15 dh4 =0.3 0.075 0.25
uh3dh4 uh3=0.225 dh4 =0.3 0.075 0.25
uh4dh4 uh4=0.3 dh4 =0.3 0.075 0.25
uh4dhl uh4=0.3 dh4 =0.075 0.075 0.25
uh4dh2 uh4=0.3 dh4 =0.15 0.075 0.25
uh4dh3 uh4=0.3 dh4 = 0.225 0.075 0.25
7.5 Results

7.5.1 General comparison of three nonsolated building configurations

One of the advantages of CHImulations is the possibility to obtain a solution in the
complete domainThis feature i€xploited inFigure7-2 wheretheiso-contour of Iy in the middle
vertical plane for thee representative configuratiofisaseuh4, dh4anduh2dh4 are presentedt
is important to mention that thex[plotting range wasrhitrarily limited from 0.1 to 8 to better

visualizeDy variations.

General views othe computational resultsf case uhdpresented ifrigure 72 (a), show
a goodqualitative agreement witwind tunnel visualization testhownpreviouslyin Figure 32
(b). It is clearly obsared that aall building located upstream aflow emitting building causes
the plumeto bedragged towards the leeward of the upstream buil@nogh dispersiobehaviour
affects the complete leeward wall of the upstream building as well apskream part of theof
andwindward wall of the emitting building. This observation was also verified experimehyally
Hajra et al. (2011).
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Figure #2 (b) shows he Dn contoursof a tall building located downstrea of bl,
corresponding to case dhi is noted thathe sack plume is dragged downstream by the wind
reducing its concentration by mixing with the atmospheric clean air. The zones affected are mainly
the lower part of the downstream building ashaslthedownstream part of the roof arekward

wall of the emiting building.

Finally, Figure 72 (c) shows theeffect of placing an emitting building between two
buildings, case uh2dh4frequently encountereth urban areas. In this casi is noted that
pollutants reach the leeward and windward walls of both edjdwuildings.

In generalqualitative comparison demonstrates that significant differences can be obtained
on the Iy field when the building layout increases its complexity from isolated to multiple
building configuration. More details about the fields, in particular along the central line at the
roof level of bl which is affected by the adjacent building geomedrgdiscussed in the following

sections.
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Figure 7-2. Dn in the middle plane for different building configurations.
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7.5.2 Effect of abuilding located upstream of an emitting building

This subsection discusses the effedhefupstream buildingeomety on Dy prediction at
theroof level of bl. The discussion is divided in three aifa) the effect bupstream building
height, (b) the effect aipstream buildingength and (c) the effect ofpstream buildingvidth.

Effect of upstream building height

uh4

uh2_ I—l_—l

Case uhl Case uh2 Case uh3 Case uh4

Figure 7-3. Cases used to analyse the effedttbhe upstream building height

Figure7-3 showsfour configurations to analyse the effect upstream building height. It may
be noted that uk 1, 2, 3, 4 are the corresponding upstream buildeighs when itis equal, two,
three and four times the heigbt the emittingbuilding. Figure 74 showsthe comparison of
horizontal components (Ux) in the vertical line above the stack when the height of the upstream
building is varied.tlis observed thastheupstream buildin@peightgraduallyincresesthe dong
wind component velocity (Uxgradually passes from positive to negativéhe vertical profile at
the stack locatiorAccordingly, the teight of therecirculationregionin the wake of the upstream

building increaseas well
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Caseuh4 seemsto be he extreme case wherelgcitiesnear andabove the staclare
mainly directed upwindOn the other hand, it is observed tf@tthe same vertical plotting line
theentireprofile of Uxis directed downstream for the isolated building ciiseay be notd that
for caseuhl, very limited influence of uhl is perceived time velocity field, thusUx profile
remains very similaas the isolated building casehe ranges of maximum normalized velocities
(Ux/UR) are neato 0.5 upwindfor caseuh4and 1.5 dowrtseam for casehl For configurations

in between these two, the wind profile has a combination of components upwind and downwind.
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Velocity, Ux/UH

Figure 7-4. Velocity profile at stack location. Effect of the upstream bilding height

As noted inFigure7-5 the dilutionfield is affected by these different local velocities in the
wake, especially downstreamhthe stack. In this zone dilution increases as the upstream building
height increases following an asymptotic bgbar. This observation suggests that a change of
the upstream building height does not aff@gnificantly the dilution downwind the stack after
four times theheight of the emitting buildingOn the other hand, dilution distribution upwiaofl
the stackseems to be independent of the upstream building height wiieitieal heigh®, close
to uh =2 isreachedFor hei ghts above this fAcritical vV a
constant upstream the stadkor heightsbelowt hi s @ c r i dilutiecnadistribatieni igg ht 0
extremely dependant on the upstream building heightind the stackMoreover for anyheight

below thefcritical valua, high dilution (low concentrations) upwind thetack isexpectedThis
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phenomenon is explained by the sizeld tecirculatiorzonecreated by the upstream building

and the relative location of the stack (for unvarying exhaust momentum, M, and stack height). A
low upstream buildingreates a smatkcirculationzone, which may not affect the plunihen,

the plumeas mainly dragged downstream by wind flow. Tiagxactlyreflected incaseuhl1(uhl
upstream of bl)the observediigh dilution upstream and low dilution downstream the stack is

because the plume jgactically completelgragged downstream the stack.

On the other side, casd4 (uh4 upstream of bl) the observed low dilution upstream and
high dilution downstream the stack is because the plume is mostly trapped by the recirculation
zone and thetransportedowards the leeward of the upstream buildibhgan thus be concluded
that dilution is very sensitive to the height of upstream buildings in areas downstream the stack
Upstream the stack dilution seems to be sensitiNg for low upstream buildingseights then as
the height increases atlte plune gets trapped in the recirculatinone,a rapid drop in dilution

is detected.

As graduallythe plume is covexd by the recirculation, dilution upstream the staelems
to be independent of the upstream building heilghs$ interesting to note thatehisolated case
shows lower dilution than casdil upstream the stack. This is likely becauserdatachment
length of the isolated building is shorter compared with cddle which is composed by two
buildings thenisolated buildingcasetranspors soménow more pollutants against the rodhan
caseuhl To visualize the effect of the upstream building height in the complete vertical middle
and horizontal plane, dilution contours and streamlines can be view&gdpendicesl and J,

respectively.
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Figure 7-5. Effect of the upstream building height

Effect of upstream building length
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Figure 7-6. Cases used to analyse the effect of the upstream building lémg
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Figure 76 shows three configuratiomsedto analyse the effect upstream building length,
which is the dimensionalong wind. It may be noted that ul = 1, 2, and 3emya@valent to 1xl

2XHy» and 3H respectively, where #s the leight of the emittig building(0.075 m)

Figure #7 shows comparison of horizontal comporsghitx) in the vertical line above the
stack when the lengthf the upstream buildinig varied It is noted thateven thougtux is slightly
affectedand the profile remaingery simiar to each othersomeincrementon Ux downwind is
perceiveds the upstreaimuildinglength increases. Case ul3 shows sometttedtigher positive
velocities downstream thetack,and thisall along the vertical line. Case ull shows some negative
velocities near the roof, revealing the existence of a small backflow for thisTdasé&gure also
showssignificantly lower velocities compared with the isolated building ;cesesaling that the
emitting building is partially enveloped by the recirculatione created by the upstream building.
It is observed thaall velocity profiles converge to same valasheight equivalent to twice the

upstream building height (in this case near to 0.3 m).
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Figure 7-7. Velocity profile at stack location. Effect of the upstream building length
Figure 78 showshe comparison of Ppredictions for different upstream building length.

It is observed that almost equal spreading of pollutants is produced in both sidstatkia¢ the
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roof level of b1 However, significandlifferences araote in the windward of the emitting building,
wherehigh dilution values ar@erceivedas thdengthof the upstream building increas@#iis is

likely because the rattachment lengthtahe lateralwall of the upstream building is produced
somewhere along the wall befdheback edgeThis produces somehow high velocities when the
flow re-detaches from the block creating strong vortical structures between both buildings. These
vortical structursincrease the mixing and then dilution increaeemnsequencéVhen the length

of the upstream buildings is showntind flow does not rattach in thdateralwall, and then the
vortical structures between both builde;hgre less pronouncedhis phenomenons better
visualizedby the streamlines in the horizontal plaf@ case ull(or case uh2pnd caseaul3
(AppendixJ). As previous case, alklocity profiles converge to same values at a height equivalent

to twice the upstream building heign this case near to 0.3 m).

Thedilution upwind the stackeems to bendependenof the upstream building length.
However, tservingdilution at roof levelclose to the windward edge of Dy valuestend to
increase as the length of the upstreamdmugl increases. This is related with the phenomenon
explained before. Dilution downstream the stack seems to decrease (higher concentriien) as
upstreanbuilding length increases, this is because the higher positive velocity at the stack location

obseved previously in Figure-7, increments pollutant transport in this direction.
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Figure 7-8. Effect of the upstream building length
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Effect of upstream building width
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Figure 7-9. Cases used to analyse the effect of the upstream building width

Figure 79 shows three configurations used to analyse the effect upstream building width,
which is the dimension perpendicutawind. It may be noted that uwls 2, 3 and 4 are equivalent
to 1x(L/2), 2x(L/2), 3x(L/2), and 4x(k/2), respectively, whereplis the width of the emitting
building (0.25 m)lt may be noted that uw2 has same length as the emitting building.

Figure #10 shows comparison of horizohtammponents (Ux) in the vertical line above

the stack when the width of the upstrelniding is varied It is observed thatelocity profile is

highly affected when the width of the upstream building is shorter that the emitting building width.
In fact, observing the velocityrofile close to the roof of b1, Ux imainly positive andyreater

than all the other cases. It che deductedhatshorter upstream buildings brings higlpesitive
velocitiesover the roof of the emitting building. As the widtlcieasesUx decrease revealing
that bl isbeing envelopd by the recirculation regioareated byhe upstream buildingdt is also
observedthat as the width increases, velocities near the roof of bl insrgaske negative

direction, which means a langbackflow developsFrom caseuw2 to uw4,vertical velocity
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profile at the stack locatioshows a combination of upwind and downwind flow. However, it can
be assumed that an upstream building widen tha4 probably will not further affect dilution

distribution due to the asymptotic behaviour perceived on velocity profiles.
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Figure 7-10. Velocity profile at stack location. Effect of the upstream building width

Figure7-11 shows the effect afpstream buding width in the alongvind direction Dy
distribution. Dy upwind thestack isvery sensitivdor widths shorterthanemitting buildng width.
This isin concordance with the wind velocity profiksuehighlightedpreviously.In consequence
for shorter wilth, Dy is expected to be very higipwind the stacklue to highwind speed close to
the roof which tends$o rapidly drag the plume downstredhe stackAs the upstream building
width becomes equal the b1 width, the flow change completely and the aexitedlation start
dragging pollutants upwind the staés a consequence, dilution downstream the stack increases
and upwind the stack decreases monotonically. An asymptotic behaviour is observed, which means

after uw4 very small changes on dilution diattion at the roof level of b1 can be expected.

Observing the streamlines the horizontal plane for the casav4 (AppendixJ) larger
recirculation vortex on side of bl carrying extra fresh air explain the increasing dilution
downstream the stacKhes strong lateral vodescan be identified aa second mechanism to

increase dilutiori after high backflow produced by the upstream buildiaght downstream the
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stack.lt can be concludethat low butwide upstream buildingaffect Dy distributionin asimilar

way astall and thin upstream building.
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Figure 7-11. Effect of the upstream building width

Effect of spacing between the upstream buildingnd the emitting

Figure 712 shows the effect of spagibetweenan upstream building and the emitting
building, b1.Threespacingsretestedsl, s2 and s3 for two configurations: building uh2 upstream
of b1 andbuilding uh4 upstream of bl. The corresponding distamegnd tunnel scale are: s1 =
0.1m, s2 =0.175m and s3 = 0&2n, which at full scale correspond to 20 m, 35 m and 50 m

respectively.

Figure 712 (a) shows that Drapidly increases upwind the stack as the spacing between
buildings increases. Downwind from the staElg slowly decreases convang to the value
obtained bythe isolatedbuilding case As the spacing increasethe plumeget out from the
recirculation region, and then pollutant are mainly transported downwind the stack. For a taller
upstream building, (Figure-Z2 (b)), the effecof spacing is similar as before; but the effect of
high dilution upwind the stack is less notorious. This is because the recirculation region for uh4 is

bigger than uh2, theat spacing s3 the plume is trapped by the recirculation region of uh4.
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7.5.3 Effect of abuilding locateddownstreamof an emitting building

This subsection discusses the effeadl@ivnstream building geometry onyPrediction at
the roof level of bl. Following the methodology used in the previous section, the discussion is
divided in three parts: (a) the effect of downstream building height, (b) the effect of downstream
building length and (c) the effect of downstream building width

Effect of downstream building height

Wind

dh4

h2 dh3

l

Case dhl Case dh2 Case dh4

Figure 7-13. Cases used to analyse the effect of the downstream building height

Figure 712 shows four confjurations to analyse the effeiwnstreanbuilding height.lt
may be noted thathd= 1, 2, 3, 4 are the correspondatmvnstreanbuilding heights when it has
equal, two, three and four times the height of the emitting building. FigLiBsiows compariso
of horizontal components (Ux) in the vertical line above the stack when the ludighe
downstream building is varied. i§ observed that abe downstreanbuilding height gradually
increases; the along wind component velocity (Ux) graduatiycests magnitude. On the other
hand, and because the conservation law should be respected, it is highly probable that lateral

velocity components (Uzdf wind flow are somewhat increasednsequently
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Figure 7-14. Velocity profile at stack location. Effect of the downstream building height

The corresponding @distribution at roof level of bls presented in Figure-Y4. It is
observed that dseight ofthe downstream building increases Becreases upwindetstack and
increases downwind the stack. Tiesbecause the downstredmilding promotes dispersionf o
pollutants in the lateral direction reducing somehow dispersion along wind. This related with the

velocity issue mentioned before.

It is interestinga note that cask1 shows higher dilution values theaseh2 (downstream
building is twiceastall asthe emittingouilding), which seems tbethe critical casattheemitting
building leeward It seems that whethe downstream building hasameheightas the emitting
building, theinfiltration of pollutans between both is very limite¢h consequengéigh dilutions
in the regionbetween both buildings are detectétbwever, as soon as theeight of the

downstream building over pasdége height of themitting building, the infiltration occurs.

The lower Oy in the leeward of bvasobserved for caséh2, as mentionedn gradually
increasegslong the central line as tdewnstream buildingeight increases. This can be explained
by the lateralelocity incrementdescribed beforélhe present of a downstream building promote
dispersion in the lateral direction, then high dilution are deteal®alg the central lineThis
dispersion behaviour can be clearly observed in the dilution contours and stesgiméisenteith

AppendixJ.
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Figure 7-15. Effect of the downstream building height

Effect of downstreambuilding length and width

Figure 715 and 7#16showthe effect of downstream length andith. It isclearly observed
that none of those parametersgééan influence on Ralong the central line at the roof of bl. The
velocity profile of U is not presented because no changes when comparing with the isolated
building case were perceived. The dilution wlgttion predicted for all the cases are almost
identical to the caséh2 presented previouslyhe lower dilution values observatithe leeward
wall of the emitting buildingcompared with the isolated cdseorrespond to thifiltration of
pollutantsbetween both buildings that building dh2 produces. This issue was already analysed in

the previous subsection.
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Figure 7-17. Effect of the downstream building width

7.5.4 Effect of an emitting building between two buildings

Figure7-17 compares R predictions for a threbuilding configuration. In this case, the

emitting building stands between a building whisfiour timestaller locateddownstreanand a
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building havingvariable heightocatedupstreamFigure 717 (a). The oppositease corresponds
to Figure 717 b).

For the first case, fdistribution is very similato Figure 75 (effect of upstream buildg
height) The Dy distribution at roof level of the emitting building is significantly affected by the
geometry of the upstream building/hen the height of the upstream building increases, the
recirculation region increases and more pollutants are daioigard the leewaravall of the
upstream building; consequently, fewer pollutants are spread dowwgidDy are expected)
Dilution upwind the stack seems not to be affected by the upstream height, however it is highly
probable that instead to continteducing v along the central line, pollutants are spread in the
lateral direction. R does not change for height above uh3 (three times the emitting building
height).

For thelast casefigure 717 b)reduced influence isbserved when adding a downsime

building. Dy distribution increases lightly when a taller downstream is considered. (dh4).
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Figure 7-18. An emitting building between two buildings

7.6 Guideline for safe placement of intakes on bidings

The current sectiopresents a guideline for safe placement of intakes on builtiingdes
for all configurations seen thisstudy. Basicallythe current guideline contains recommendations

to avoid reingestion of pollutants for neisolated buding configurations. Thes@ractical
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recommendationgre a concrete contributiaiat can be used for engineers or practitisner

involvedin urban development project

The starting poindf producing a guidelinis the definition oflilution criterionfor judging
acceptabilityIn absolute terms, the dilution starts from unity and increases with the distance from
the source. A dilutiorriterion tells how much dilution is neededjtoigea particular region free
of re-ingestionor at leasthaving the regired condition for placing an intakeThis criterion is
specified as the ratio between the concentration at the source al&veableconcentrationin
this guideline the dilution criterioat intakesof 3000:1is used This value idased a Wong and
Ratcliff (2003) suggestiongo avoid odors and occupational health effects for a large group of
chemicalslt should be note thalis criterionis less restritive than 5000:1 proposed in ARAE
(2007. The conversion of 3000:1 to normalizedution, Dy, usedin this study (see e§-1) gives
Dn=6.

Computational simulatioresultsareplottedfor all casesvith an isesurface corresponding
to Dy = 6 permittingoneto visualize regionwherethedilution criterion is ot satisfied Therefore
regiors wrappedy the isesurfaceDn = 6identifiesthose regions should be avedfor installing
intakesdue tore-ingestion riskAs example, Figure-19, 20 and 2%howthe evolution of the re
ingestion zone for different building configuratio@bservingFigure 719 it is noted that the
presence of a taller upstream building modifies the flower the stackand pollutants are
transportedowards the upstream building. In this case, installing intakes icothpletdeeward
wall of the upstream building is @dy notrecommended~igure 720 shows thathe presence of
a taller building downstream producesteongdownwash and the space between both buildings
becomes completely contaminated; however installing intakes in the upper part of the downstream
building can be suggested. Figur2¥ shows the effect of a thréailding configuration, it is
observed that the upstream building is the most affecteddrg-ingestionregionregardless the
height the height of the upstream building. On the other sldedownstream building is
practically free of rangestion,and themo restrictionfor intakeslocation can be proposetdhe
same kind of figures, for all the cases seen in the study, can be found in the Appendix K. The
guideline presented in Tables#, 7-5 and 76, summarizeghe most relevant issues involving

adjacent building and their effects on pollution dispersiaih.should & mentioned that the
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suggestions presented inglyuideline are consistent wigbreviousresults presented by Hajra

(2012).
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Figure 7-19. Iso-surface D\ = 6 for caseuhl (a) and casauh4 (b)
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Table 7-4. Two-building configuration: effectof an UPSTREAM building

Case

Description

Suggested locations  fo

intakes

Locations to avoid

1 | Upstrean buildinglower
or sameheight than
emitting building

-Plume is completely
dragged downwind from
the stack

-Pollutants contaminate
leeward wall of emitting
building

-Any surface of theipstream
building

-Windward wallof emitting
building

-Upwind of the gack and side
walls of emitting building

-Downwind from the stack
-Leeward wall of emitting building

2 | A mediumtall building
(one storey taller than
emitting building) located
upstream

-Plume is partially trappe;
by recirculation region

-Pollutants arelragged
upwind and downwind of
the stack

-Windward and side walls of
upstream building

-Lower part of leeward wall of
upstream building

-Side walls of emitting building

-Upper part of leeward wall of the
upstream building

-Entire roof of emitting building
-Leeward wall of emitting building

buildingsis largeenough
to ensure plume do not

becomerappedwithin the
recirculation

dragged downwind from
the stack

-Pollutants contaminate
leeward of the emitting
building

3 | Ataller(two storeys or | -Plume is completely -Upper part of side wallsfo -Leeward wall of upstream
moretaller than emitting | dragged upwind the stacl upstream and emitting building building
building) upstream -Pollutants contaminate | -Leeward wall of emitting -Windward wall and upwind edge
building all the facades between | building of emitting building
both buildings
4 | If the spacingbetween -Plume is completely -Any surface of theipstream | - Downwindfrom the stack for

building
-Side walls of emitting building

-Upwind the stack if the
upstream is medium tall

mediumtall upstream building
-The entire roof of the emitting
building for a tall upstream
building

5 | A widerandmediumtall
building (one storey taller,
than emitting building)
located upstream

-Same as case 2

-Windward, side wallsrad side
edges of upstream building

-Side walls of emitting building

-Vertical center of leeward wall o
the upstream building
-Windward wall ,upwind edge an
roof of emitting building
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Table 7-5. Two-buildi ng configuration : effect of a DOWNSTREAM building

lower or samdéneight than
emitting building

downwind from the stack

-Pollutants are partially
trapped between both
buildings

building

-Windwardand sidewalls of
emittingbuilding

-Upwind from the stack of the
emitting building

Case Description Suggested locations  fol Locations to avoid
intakes
6 | Downstreanbuilding -Plume is dragged -Side walls of downstream -Downwind from the stack of

emitting building

-Any surface between both
buildings

-Roof of dowrstream building

7 | A mediumtall building
(one storey taller than
emitting building) located
downstream

-Plume is completely
trapped between both
buildings

-Pollutants scape from
sides of and top of the
downstream building

-Upper part of gle walls of
downstream building
-Leeward wall of downstream
building

-Windwardand sidewalls of
emittingbuilding

-Upwind from the stack of the
emitting building

-Same as case 6

8 | A taller (two storeys or
moretaller than emitting
building) downstream
building

-Plumeis completely
trapped between both
buildings

-Downwash flow from
upper part of downstrean
building keeps pollutant
in the lower part between
both buildings

-Same as case 7

-Upper part of leeward of
downstream building

-Downwind from the stack of
emittingbuilding

-Lower part of leeward wall of
downstream building

-Leeward wall of emitting building

9 | Increasedvidth or length
of downstream building

-same as case 7

-Same as case 7

-Same as case 7
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Table 7-6. Three-building configuration

located upstrearand a
taller building located
downstream

recirculation region
created by the upstream
building

-Pollutants do not affect
the downstream building

Case Description Suggested locations  fol Locations to avoid
intakes
10 | A mediumtall building -Plume is trapped by -Any surface of thelownstream -Leeward wall of upstream

building

-Leewardand side walls of
emittingbuilding
-Windward of the upstream
building

building
-Windward wall and roof of
emitting building

11

A taller (two storeys or
moretaller than emitting
building) upstream
building

-Same as case 10

-Any surface of the downstrea
building

-Leewardand side walls of
emittingbuilding

-Windward of the upstream

building

-Leeward wall of upstream
building

-Windward wall and upwind edge
of emitting building
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7.7 Summary

This chapter presentead parametric study based oomerical simulations foflow and
dispersion fowvarious norAsolated building configuration3.he objective was to determinate the
range @ influence of adjacent building geometry on dilution distribution at the rabeeimitting
building, bl. Thee caseswere considered:(a) a building upstream of bl, (b) a building
downstream of b1 and (c) b1 between two tall buildings. The geometaimpters analysed were:
the height, the length and the width the adjacent building. The nwajfindings were the

following:

- Dilution field is mainly affected by the upstream building heighs the plume is trapped by the
recirculation zone, pollutas aredraggel towards the upstream buildidgcreasing and increasing

dilution upwindanddownwindthe stack respectively.

- A building located downstream of b1 did not affect dilution distribution at b1 regbr&diction
remains very similar to the ikded building casel he leeward wall of b1 showed a relative lowest
Dn value for caselh?2.

- In a three building configuratiodilution is mainly affectedby the building locatedupstream
Thepresence of third building downstream of bdid no changesignificantly Dy distribution

At the end of the chapteand based on the previous findingguideline for safe placement

of intakes on buildings facades for all configurations seen in this study is presented.
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8. SUMMARY, CONCLUSIONS, CONTRIBUT IONS AND FUTURE WORK
8.1 Summary and Conclusions

The present thesistablishes a reliable method to analffee and dispersioof pollutants
in urban areassing the Computational Fluid Dynamics (CFD) approdtiegoalof the study is
to better understarqbllution aerodynamicsvithin a small urbatayoutand evaluate the pollutant

re-ingestion potential of various building configurations gedmetries

In order to define the computational approatiat wasused during the study, a
performance evaation of steady ad unsteady CFRechniques was carried out. The numerical
approach evaluation included a systematic compao$annd tunnel data as validation process.
For steady simulation techniqguenamed as ReynoldsveragedNavierStokes (RANS),
fundamental numericatonsideratios were revewedsuch as computational domain, meshing
characteristics, boundacpnditionsdefinition, stopping criterionturbulence model and turbulent
Schmidt number (S It was confirned that RANS tends to underestimate dilution predict
especially in the wake of buildings. iShunderestimation is due to the inherent incapability of
RANS of capturingflow unsteadinessThree unsteady approaches were testatsteady
ReynoldsAveraged NaviefStokes (URANS), Large Eddy Simulation (LES$)deDetached Eddy
Simulation (DES)ynNd the results compared with wind tunnel detahis study, DES showed the

best agreement with experimental data compared with other models.

A parametric study of building configuration and geometry of the adjacewliryslwas
carried out to evaluate the impact pollutantsdispersionin the neaffield. Almost all the
numerical resultarepresented in terms of normalised dilution-g@mtours and streamlines. This
detailed information is crucidb better understandf threedimensional behaviour of pollutants
around buildingsThispermitsto avoid or at least timit the re-ingestion of polluted air into the
intakes of buildings and degrade indoor air qualityline with these considerationsgaideline
for sak placement of intakes on buildings facades for all configurations seen in thisastsidy
presentedh order to offer concrete and practical recommendafammsngineers and practitioners

involved in urban development projects

The main conclusions of thresent study can be summarized as follows:
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- In general, the results confirm that pollutant plume behaviour can be detected with
acceptable accuracy using steady CFD approach. However, an underestimation of pollutant
dispersion especially in regions twihigh turbulence activity has been observed. This is likely due
to the RANS incapacity of detecting flow unsteadiness.

- Pollutant dispersion from a rooftop stack is greatly influenced by the value of turbulent
Schmidt number (S It was confirmed thalow values of Scmay partly compensate for the
underestimation of dispersion, by increastngoulent masgliffusivity. A better agreement in
terms of trend with wind tunnel datagenerally observed at Se 0.3. The choice of a suitable

Sct requiresa careful assessment of vortical structures in the built environment.

- It was confirmed thator complex building configuration, as a thHieeilding case, it
seems that standard Sct (0.7) performs well independently of M used, thus no changes on Sct are
needed.

- The scaled residual value analysis revealed that the criterion to stop a calculation is very
important, particularly for a neisolated building configuration. The current study established that
all equations should reach a residual value of1D2 to minimize the influence of this parameter

in the final solution.

- CFD provides valuable information about scalars and velocity fields as well as about
vortical structures formed in the leeward side and between buildings. Knowing how these flow
characteristics interact with the surroundings is essential to improve the understanding of pollutant

dispersion within an urban area.

- Unsteady RANS (URANS) methodology did not show any improvement of the CFD
estimates when compared to the RANS appraehpposed to tHeES and_ES approach, which
does improve the CFD predictions, albeit at a high caatjmunal cost.

- Performing numericalsimulation overcomplexesgeometries and multipleuilding
layouthasa valuablepotential for reingestion of politant control in urban areas. The proposed

guideline in this thesis is helpsactitioners to define safer locations for intake of buildings.
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8.2 Contribution s
Themost relevantontributiors of this research can be summarized as follows:

1) Concerning the extanliterature onurban wind field, this researchestablistes a
computational approach to study dispersion of pollutants (and potentngastion) for

nortisolated building configurationsvhich, as mentioneds lacking in previous research

2) Concerning €D approach this research contributes both to steady and unsteady
approaches byalidating or invalidating current measures and mqd&hsl proposing

methodological recommendations
2.1.)Concerning steady CFD approach;

i. It was verified that trbulent Schndt number reduction improge
agreementwith experimental datdor cases with high flow variability,
howeverfor flow with more homogeneous turbulenéess variability)the
standard S 0.7 performsweland no Acal i bltimthusono i ¢
suggeted that further research should acknowledge this significant

difference.

ii. Inadequate stopping criterion can be a source of important emrdinis|
study it is suggested te@sidualvaluesto beless than the standard3,dn

particular fornortisolated liilding configuratios.

iii. Among the three turbulence moslebKE, RNG and RLZ, it was confireal
the superiorityof RLZ. This observation is valid for the twouilding

configuration analysed.
2.2.) Concerningunsteady CFD approach:

iv. Unsteady RANS using Reallzle k0 turbulence modefailed capturing
largeunsteadinesm the wake. It is however suggested for future research

to try k1 turbulence for unsteady RANS.
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v. DESand LES performed well capturing the flow unsteadiness within the

wake, but with a considerableroputing time.

vi. The vortex generator model at the inlet significantly improves agreement
with experimental data.

3) Concerning urban development projects, theametricstudydeveloped in this research
leads to quantification of the effect of adjacent bugdirfor different geometric and

relative locatios parameters.

i. The upstream building heighthd widthrevesled to becritical parameters

for dispersion irthe nearfield.

ii. The proposed guideline is a valuable contribution to aveidgestion of

pollutansin small urban layout.

8.3 Recommendations for future research

- The natural followup stepof the thesis would bt extend the present research to include
more complex configurations with realistic geometries in order to improve the understanding of
pollutant aerodynamics iactual industrial neighbourhoodscritical part of citiesSuch research
could bevaluable information for authorities and risk managerbetter cope accidental or ron

accidental hazardous material release.

- The current research sed on gas dispersion simulation; however most of pollutants in
urban areas are particles. Therefore, it is suggested to extend this study and eliplbasia
approach(e.g.dispersion of dropletdpr pollutant dispersion simulations. The partialansport
simulation based on the Lagrangian discrete particle transport model which incorporates inertia
and gravity effects of partickeeems to be an interesting continuity a$ tesearch. The pertinence
of such research is founded on the redasgiomaire's outbreak in Quebec Cityatkilled 13

people (Desbiens, 2012).
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- It was observed that DES performed well in capturing unsteadiness. That makes this approach
an interesting alternative to LES due its advantages in terms of computing costs. daeete

needed in order to optimize the size of meshing without losing accuracy.

- The current study explored URANS using Realizable turbulence model without success. New
testsare needed but ugy SST k¥ turbulence model based on suggestions proposed by Tominaga
(2014).
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APPENDIX A: ADDITIONAL RESULTS FOR STACK PLACED AT THE FRONT EDGE
OF THE EMITTING BUIL DING

Additional comparisons for Pbetween wind tunnel data and CFD when the stack is located near
the front edge of the emitting building (Figukel) are presented in this appendix. All the cases
correspond to atack 0.005m high (actual wind tunnel scaeyl M=1.7

wind
—
T Receptors
Stack .
0.12? /ocatlon
bl 25 m
< 0.25 m

A-1. Emitting building (b1) whit stack located in the front edge.
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A-2. Dy for an isolated emitting building with ttstack on the edge of the roof.
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A-3. Dn when a building is located upstream of the emitting building with the stack on the edge
of the roof. Buildings uh2 and uh4 have twice and four times the height of the emitting building.
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A-4. Dy when a buildings located downstream of the emitting building with the stack on the edge

of the roof. Buildings dh2 and dh4 have twice and four times the height of the emitting building.
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APPENDIX B: VELOCITY MAGNITUDE CONTOURS FOR A TWO-BUILDING CONFIGURATION FOR DIFFERENT
TURBULENCE MODEL S (SKE, RNG, RLZ AND RSM).

B1) SKE B2) RNG

wElocit - ituce: 1 2 4 6
Ocity-magnitu welodty-megnituce: 1 2 4 6
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B3) RLZ B4) RSM

velocty-megnituds: 1 2 4 8 welocity-magnitude: 1 2 4 6

T N

welocity magnitude: 1 2 4 6
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APPENDIX C: TURBULENT KINETIC EN ERGY CONTOURS FOR A TWO-BUILDING CONFIGURATION FOR
DIFFERENT TURBULENCE MODEL S (SKE, RNG, RLZ AND RSM).

C1) SKE C2)RNG

0
turb-kireticenergy, 0.1 0.5 1.0 20 40 60 80
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C3) RLZ C4) RSM

RLZ turb-kinetic-energy. 0.1 05 1.0 20 40 B0 8.0 RSM turb-kineticenergy. 0.1 05 1.0 20 4.0 60 8.0
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