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Summary

Near-road buildings in densely built environments experience poor air quality due
to traffic emissions and passive mitigation strategies are widely considered to tackle
the concern. Despite the dynamic nature of the urban environment, passive in-
terventions have been largely introduced in a static setup in the past; the risk of
them offering counter-productive results under conditions they are not designed for
and the opportunity to adapt them to the local environment is a research area that
deems further exploration. However, developing solutions on a case-to-case basis
is a computationally impractical exercise, and the applicability of such solutions in
a real-street environment would be far from being straightforward. Therefore, the
current study has been conducted to offer a methodology to develop adaptive passive
interventions, wind deflectors, from both quantitative and qualitative standpoints;
quantitative through evaluation of personal exposure to pollutants and qualitative
through assessment of pollution removal mechanisms respectively. The performance
analysis of adjustable wind deflectors in this study corroborates their conceptual-
ization, sensitivity to environmental variables and practicality for their deployment
in a real-street environment.

Wind deflectors in 2D urban and 3D city-type environments maneuvered average
street canyon concentrations (C_’wnyon) by regulating the amount of pollution re-
moved from the same through mean (PC H,yeqr,) and turbulent fluctuations (PC'H fy,.)
induced fluxes. Results from both 2D and 3D simulations provided sufficient ev-
idence for the hypothesis conceived in the work that if the ambient above-roof
winds were deflected optimally into the street canyons to maximize PCH,,cqn, a
lower C’wwon could be achieved by reducing the dependence on turbulence that fa-
cilitated relatively localized pollution removal. Apart from analyzing the removal
mechanisms through mean and turbulence-induced fluxes, field synergy theory was

applied to the performance assessment of wind deflectors for asymmetric city-type



environments. A higher field synergy (resulting in a high field synergy number, F'S,,
and Sherwood number, sh) meant enhanced synergy between velocity and concen-
tration fields, and therefore an increased pollution removal by convective fluxes and
reduced dependence on the diffusive fluxes for the same. The inverse correlation
between Sh and C_’wnyon supported the notion that convective fluxes aided in facili-
tating a global clean-up of the street canyons and that it is beneficial to maximize
the same. It also saliently demonstrated that the wind deflectors were effective in
regulating pollution removal through convective and diffusive fluxes as they were
PCH yeqn and PCH gy,

As with the conceptualization of the adjustable wind deflectors, their sensitivity
was firstly evaluated under 2D settings by evaluating the ventilation performance
of the deflectors when placed at different positions at the roof level between the
leeward and windward facades. In a specific configuration when the deflector was
2m away from the leeward facade, C‘canyon was reduced by 2.84 folds. Furthermore,
in another specific configuration where the deflector was positioned 0.25m from the
leeward facade, counterbalancing vortices were generated within the street canyons
which facilitated washdown along both the leeward and windward facade resulting
in an 86.5 and 8.45% exposure reduction along the same. The performance sensitiv-
ity was extended to ideal and asymmetric city-type (step-up, step-down and steep)
street canyon environments for differing pollution source configurations, Cross Road
Pollution (CRP) and Side Road Pollution (SRP) source models. These models were
considered to represent the diurnal changes in traffic flow directions. For an ideal
city-type environment, the wind deflectors performed modestly for the CRP source
model by reducing 7%, 11% and 13% of CO exposure on the leeward wall, upwind
side wall and downwind side wall without affecting the windward wall of the target
street canyon. Whereas for the SRP source model, it reduced 91%, 32% and 34%
on the same with a 17% reduction on the windward wall of the target street canyon.
Furthermore, the concept of an adjustable deflector system was demonstrated to
mitigate prolonged high exposure for building occupants exposed to changing traf-
fic emission sources via all the surrounding building facades and at the ground by
considering 4 linearly interpolated cases from the CRP and SRP source models in-
cluding 0, 8, 16 and 24 hours of CRP in day and rest SRP. Mixed results were
obtained for asymmetric city-type street canyons. For the step-down canyon, the
deflectors promoted pollution reduction in building facades by 73.55% and 34.79%
from leeward and windward walls under a Cross Road Pollution (CRP) source. A

16.57% pollution exposure was reduced on side walls under a Side Road Pollution



(SRP) source. However, apart from the 13.87% CO reduction across windward walls
under the CRP source, the wind deflectors predominantly resulted in detrimental
results for step-up canyons.

Another layer of complexity was added to the steep street canyons by consider-
ing changes in wind direction in tandem with traffic flow changes. To handle the
changes in wind direction, the "tilted” configuration of wind deflectors was tested
where they were tilted about their optimal locations to deflect the ambient winds
perpendicularly. A combined multi-parameter sensitivity was conducted to evaluate
the risk of using no deflectors as opposed to using deflectors that could only be po-
sitioned at the optimal location based on the traffic emission source and deflectors
that could be both positioned at the optimal location based on the traffic source and
be tilted according to the wind direction. These scenarios were evaluated for their
impact on the leeward, windward and side facades under 16 linearly interpolated
scenarios from 0, 8, 16 and 24 hours of CRP in day and rest SRP and 0, 8, 16 and
24 hours of orthogonal winds and rest obliquely respectively. The results indicated
that although the ”tilted” configuration of the deflectors only imparted a modest
influence on the windward and the side facades, they reduced exposure across the
leeward in the target street canyon by 47.3% and 62.2% under CRP and SRP source
models respectively.

Finally, considering the dynamism of the street canyon environment, and the chal-
lenges associated with implementing a dynamic adjustable wind flow deflector that
is sufficiently responsive to the rapidity of changes in the environment, a multi-
directional wind deflector design was introduced. They were evaluated for efficacy
in diverting ambient winds that are parallel, perpendicular and oblique at 45° to the
street canyon under study, with a common multi directional wind deflector design.
The design was efficient in enhancing ground level ventilation for parallel ambient
winds while under orthogonal and oblique winds, the leeward and windward walls
experienced generally positive and negative impacts respectively based on their rel-
ative location in the street canyon. Further, based on Weibull distribution for wind
flow in Dublin city centre and meteorological wind data recorded for six months at
the Dublin Airport, the efficacy of multi-directional wind deflector was evaluated for
predominant flow conditions in Pearse Street neighborhood in Dublin, Ireland. The
multi directional wind deflectors modestly reduced about 15% CO exposure across
the target leeward facades while it developed mixed implications with a modest
detriment to improvement between -20% and 16% on various target windward fa-

cades. Finally, the major outcomes from the work were utilized to conclude the



scope of potential, inherent limitations of the analyses conducted, implications un-
der usage and further opportunities for improved understanding of the functionality

of the wind deflectors and deployment of the same in future.



Acknowledgements

First of all, I am immensely grateful to my supervisor, Prof. Aonghus McNabola,
for providing me with the opportunity to pursue a PhD under his guidance. He
generously offered his time, knowledge, and ideas, which were instrumental in the
successful completion of this PhD work. His advice in formulating the structure of
the PhD work and help in suggesting relevant resources at various stages is deeply
appreciated. I would like to acknowledge Prof. Francesco Pilla for his valuable sug-
gestions, especially in disseminating the findings from my PhD work. I also extend
my thanks to Prof. Ratnakishore V for his valuable technical inputs and for or-
ganizing computational resources. I am thankful to the Environmental Protection
Agency (EPA), Treland, for funding this research and the Irish Centre for High-End
Computing (ICHEC) for sponsoring access to their High-Performance Computing
facility.

[ am grateful to my parents, Mr. Vasudevan and Mrs. Sudhavalli Tatachari Vija-
yaraghavan, for providing me with the right opportunities and unwavering support
throughout my life. My mother has been a pure source of inspiration throughout
my life in maintaining a positive intent and staying true to the purpose one has.
I can proudly say that I have taken a few leaves out of her book on more than
one occasion during this PhD. I would like to thank my brother, Dr. Sudharsan
Vasudevan, and my friends, Dr. Madhu Krishna Murali and Mr. Calvin Stephen,
for their moral support. Last but not least, I am extremely thankful to my wife,
Mrs. Sahana Raghavan, for her love and support. Your trust in my PhD journey is

second to none and for that, I will forever be indebted to you.






Contents

List of Figures
List of Tables

1 Introduction
1.1 Background . . . . . ... oo
1.2 Problem Description . . . . .. ... .. ... ... ... ...
1.3 Aims and Objectives . . . . . . . . . .. ... ... ...
1.4 Outline of the thesis . . . . . . ... ... ... ... ... ...

2 Literature review

2.1 Structure of Literature Review . . . . . . . .. ... ... ... ...

2.2 Overview of Air pollution . . . . . .. ... ... ... ... .. ..
2.2.1 History. . . . . ..
2.2.2  Types of Air Pollution . . . . ... .. ... ... ... ...
2.2.3 Insight into pollutants . . . . . .. .. ... ... ... ...
2.2.4 Health impacts of Air Pollution . . . . . ... ... ... ..
2.2.5 Air Pollution & Climate Change Nexus . . . . . . ... ...
2.2.6 Policies to Mitigate Air Pollution . . . . . ... .. ... ..

2.3 Urban Environments and Passive Interventions . . . . . . . . . . ..
2.3.1  Air pollution in street canyons & General terminologies . . .
2.3.2  Using passive interventions to engineer street canyon air quality
2.3.3 Effect of Asymmetry, Roof Shapes and Other Urban Features
2.3.4 Effect of wind directions . . . . . . . . ... ... ... ...
2.3.5  Other Passive Interventions . . . . .. . ... ... ... ..
2.3.6 Low Boundary Walls & Parked Cars . . . ... .. .. ...

2.3.7 Noise Barriers . . . . . . ...

XV

D B~ W =

© o oo I N



Contents

2.3.8 Wind Catchers . . .. ... .. ... ... .. ........ 26

2.4 Urban Ventilation Indices and Applications . . . . . . . . ... ... 27
2.5 Gapsin literature . . . . . . ..o 37
3 CFD Methodology 39
3.1 Research Overview . . . . . .. ... .. ... ... ... ...... 39
3.2 Computational Fluid Dynamics . . . . . . ... .. ... ... ... 41
3.2.1 Governing Equations and Closure Problem . . . . . . . . .. 41
3.2.2 Turbulence Modelling . . . . . . ... .. ... ... ..... 41
3.2.3 Species Transport Model . . . . ... ... ... .. .... 45
3.2.4  Other Aspects of CFD Solving . . . . ... ... ... .... 46

3.3 Validation studies . . . . . . . ... . 46
3.3.1 Validation of Flow Measurements . . . . . . . . . ... ... 47
3.3.2 Validation of Concentration Measurements- 2D . . . . . . . 51
3.3.3 Validation of Concentration Measurements- 3D . . . . . .. 53

4 2D and 3D Analyses of Wind Flow Deflectors 61
4.1 Introduction . . . . . . . ... 61
4.2 Adjustable Wind Deflectors . . . . . .. . ... ... L. 63
4.3 Problem Description . . . . . . ... .. ... L 63
4.4 Computation Domain and Boundary Conditions . . . . . . . .. .. 67
4.4.1 2D Environment . . . ... ... ... L. 67
4.4.2 3D City-Type Environment . . . . . .. .. ... ... ... 67

4.5 Case Description . . . . . . . ... 68
4.6 Mesh convergence . . . . . . ... 69
4.6.1 2D simulations . . . . .. ... ... 69
4.6.2 3D simulations . . ... ... ... L 69

4.7 Key Assessment Indicators . . . . .. ... 70
4.8 Target regionsof study . . . . . . . .. .. ... ... ... ... 72
4.9 Results. . . . .. 72
4.9.1 2D simulations . . . . .. ... ... o 72
4.9.2 City-Scale 3D simulations . . . . . ... ... ... ..... 78

4.10 Discussions . . . . . . . .. 85
4.10.1 0 Vs Ucanyon relationship . . . . . . ... ... ... ... 85
4.10.2 Indoor and near-vehicle pollution exposure . . . . . . . . .. 88

4.11 Conclusions . . . . . . . . . .. 95

11



Contents

5 Wind Flow Deflectors for Asymmetric City-Type Environments 97

5.1 Introduction . . . . . . . ... 97
5.2 Problem Description . . . . . . .. ... 98
5.3 Theory . . . . . . 99
5.3.1 Field Synergy Theory . . . . . . .. .. ... .. .. ..... 99
5.3.2 Pollution removal by mean and fluctuations induced fluxes . 100
5.3.3 Performanceof @ v/sSh . ... ... ... ... 100

5.4 Computational Domain & Boundary Conditions . . . . . . .. . .. 101
5.5 Case Descriptions . . . . . . . . . . ... 102
5.6 Mesh Convergence . . . . . . . . . ... ... .. ... ... 102
5.7 Key assessment parameters & target regions of study . . . . . . .. 102
5.8 Results . . . . . . . 107
5.8.1 Step Down Canyons . . . . ... .. ... ... .. ..... 107
582 Step Up Canyons . . . . . . . . ... . ... ... ...... 118

5.9 Conclusions . . . . . . . ... 126
6 Multi-environmental parameter response of wind deflectors 129
6.1 Introduction . . . . . . . . ... ... 129
6.2 Problem Description . . . . . ... .. ... .. L. 130
6.3 Computational Domain and Boundary conditions . . . . . . .. .. 132
6.3.1 Orthogonal winds . . . . . ... ... .. ... .. ...... 132

6.4 Case Descriptions . . . . . . . . ..o 137
6.5 Mesh Convergence . . . . . . . . . . . ... ... 138
6.6 Key assessing parameter & target regions of study . . . . . . . . .. 139
6.7 Results. . . . . . . . 139
6.7.1 Orthogonal Winds . . . . . .. ... ... ... ... .... 139
6.7.2 Oblique Winds . . . . . . . . .. ... 146

6.8 Discussion . . . . . . . ... 152
6.9 Conclusions . . . . . . . . . . . ... 158

7 Adjustable Wind Flow Deflectors in Dublin City- A Real World

Analyses 161
7.1 Introduction . . . . . . ... 161
7.2 Problem Description . . . . . .. ... oL 162
7.3 Computational Domain and Boundary Conditions . . . . . . . . .. 164

7.3.1 Theoretical cases . . . . . . . . .. ... ... 164

111



Contents

7.3.2 Pearse Street Environment . . . . . ... ... ... ... .. 164

7.4 Case Description . . . . . . . ... L 167
7.5 Mesh Convergence . . . . . . . . . .. ... ... ... ... 168
7.6 Key Assessing Parameters . . . . . .. ... ... ... ... ... 168
7.7 Target regionsof study . . . . . .. .. ... oL 168
7.8 Results & Discussions . . . . . . . . ... ... L 172
7.8.1 Theoretical cases . . . . . . . ... ... .. 172

7.8.2 Pearse Street environment . . . . . ... ... ... .. 185

7.8.3 Conclusions . . . . .. . .. ... 189

8 Conclusions and future work 191
8.1 General summary . . . . . ... Lo 191
8.2 Major findings . . . . . ... .. 192
83 Futurework . . . . . . ... 194
Bibliography 197

v



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6

3.1
3.2

3.3
3.4

3.5

Outline of thesis. . . . . . . . . . .

Bimodal Particle Number Distribution (PND) for the variation of
particulate size (Vallero, 2014). . . . . ... ... ... ... ...

Figure showing interference, skimming and isolated roughness flows

within street canyons of varying ARs; modified from Oke (1988). . .

Schematic representation of a) single primary recirculation in street
canyons with AR<4 and b) formation of multi-vortex recirculation
pattern when the AR increases from 4 to 5 (He et al., 2017). . . . .

Figure showing crosswinds across highways with upstream barrier
(Ahangar et al., 2017). . . . . . ... ...
Figure showing asymmetric street canyons considered in Li et al.,
2020 and inclusion of wind catchers. . . . . . . ... ... ... ...

a) Schematic figure representing ACH™' and ACH ™ at the roof level
in a 2D street canyon (Cheng et al., 2008). . . . . . . .. ... ...

Flowchart highlighting the research overview adopted in this study .
The energy cascade; spectral variation of energy of eddies with eddy
wave-number, x ( k£ o L7!) (Davidson et al., 2011) . . . . . . . ..
Near wall regions of fluid flow v/s y* (Davidson et al., 2011) . . . .
a) Schematic arrangement of 77 city-like buildings in the wind tun-
nel experiment conducted by Brown et al. (top); b) Computational

domain and measurement probe locations considered for numerical
validation of velocity fields Lien and Yee, 2004 (bottom). . . . . . .

Validation of CFD model against flow measurements from Lien and
Yee (2004) . . . .

16

17

25

26

30

40

42
43

48



List of Figures

3.6

3.7

3.8

3.9

3.10

3.11

4.1

4.2

4.3

4.4

Figure from Meroney et al. (1996) showing the ethane gas concentra-
tion measurement probe locations and isolated street canyon model

under orthogonal ambient wind . . . . . ... ... ... ... ...

Validation of CFD model against concentration measurements ob-
tained by Meroney et al. (1996); dotted lines (-.), dashed lines (-)
and solid lines (-) indicate the coarse, medium and fine meshes re-

spectively. . . . ..

a) Schematic of long isolated street canyon in the wind tunnel exper-
iment (CODASC)- computational domain and boundary conditions;
b) Top-view showing the line pollution source regions; c¢) Leeward and
windward facades with measurement probe locations (where consid-

ered for validation). . . . . . .. ... Lo

Validation of CFD model against concentration measurements from
CODASC database pertaining to isolated street canyon under parallel

ambient winds . . . . . .. .

Validation of CFD model against concentration measurements from
CODASC database pertaining to isolated street canyon under orthog-

onal ambient winds . . . . . . . . .

Validation of CFD model against concentration measurements from
CODASC database for isolated street canyon under oblique ambient
winds at 45°. The dashed lines (—) and dash-dotted lines (-.) indicate

the coarse and fine meshes respectively. . . . . .. ... ... ...

a) Conventional flow pattern inside the target street canyon with
no wind deflectors (left); b) Modified flow pattern with deflector
washing down both leeward and windward facades with clean rooftop
air (right). Results obtained from 2D CFD simulations. . . . . . . .

a) Computational domain considered for 2D street canyons b) De-

flector position and orientation analyses . . . ... ... ... ...

isometric view of 3D city-type model with canyons and planes marked

for CRP and SRP model analyses (b) CRP model (¢) SRP model. .

a) Mesh convergence study for 2D urban environment comparing the
streamwise velocity profile against wall normal distance at the center

of the target street canyon (,,;4 shown in Figure 4.2) . . . . . ..

vi

52

53

%)

o6

o7

58

63

64

66

69



List of Figures

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

a) Mesh convergence study for 3D city-type environment comparing
the streamwise velocity profile against wall normal distance at the
center of the target street canyon (at xq, as shown in Figure 3.4, in
Chapter 2) in the range 0 < z/H < 7 (on the left). b). Zoomed-in
plot of the left in the range 0.8 < z/H <1 (on the right) . . . . ..

(a) Reference floors and windows for indoor IF, calculations for all
the building facades (b) Region of evaluation for near-vehicle outdoor
IF, on crossroads (c) Region of evaluation for near-vehicle outdoor
IF, on the side-roads. . . . . ... .. ... ... ..

a) Sensitivity to turbulence models (2D street canyons), comparing
the non-dimensional mean canyon concentration for different deflec-
tor positions (on the left); b) Sensitivity to reference wind veloc-
ity (2D street canyons), comparing the non-dimensional mean canyon

concentration for different deflector positions (on the right).

Overlayed images of contour plots of the concentration of CO gas and
vector plot of velocity magnitude in all 11 deflector configurations
studied with AR 1. . . . . . .. .. .

(a) Comparison of Windward and Leeward facade concentration,
overall street canyon concentrations and 6 (top); (b) Comparison of
normalized Air Exchange Rates for varying deflector positions (bot-
tom). Solid lines (-) indicate the cases with the deflectors and the

dashed lines (-) indicate the reference case without the deflector

Streamlines showing the airflow pattern in the target street canyon
and the influence of wind deflectors when placed 2, 4, 6, 8 and 10m

away from the leeward walls. . . . . . . . ... ... ... .. ....

Overlayed images of contour plots of the concentration of CO gas
and vector plot of velocity magnitude for the CRP source model with

deflectors in the third central canyon. . . . . . . . . ... ... ...

Correlation of PCHpean/PCHye (0) and average concentration of

the entire street canyon for CRP model C_’amyon. ...........

streamwise flow for no deflectors and deflectors at 2, 6 and 10m away

from the leeward walls. . . . . . . . . . . . .. ...

Correlation of PCHpean/PCHy (0) and average concentration of

the entire street canyon for SRP model C_’mnyon. ...........

Vil

70

73

74

76

7

79

80

83

86

87



List of Figures

4.15

4.16

4.17

4.18

5.1

5.2

5.3

5.4

Performance of wind deflectors when placed at 2 and 4m from the
leeward against the no-deflector case in affecting the indoor air quality
in canyon 3 (Central canyons: solid lines indicate the leeward wall and
dashed lines indicate the windward walls. Side canyons: solid lines
indicate the side-1 facade and the dashed lines indicate the side-2
facade). . . ..

Performance of wind deflectors when placed at 4, 6, 8 and 10m the
leeward wall in affecting the indoor air quality in canyon 3 (Central
canyons: solid lines indicate the leeward wall and dashed lines indi-
cate the windward walls. Side canyons: solid lines indicate the side-1
facade and the dashed lines indicate the side-2 facade). . . . . . . .

Cumulative (for all floors) daily average I F, of facades due to diurnal
changes in traffic flow, comparing no-deflector case with deflectors at

2 and 4m from the leeward wall. . . . . . . . . . .. ... ... ...

Daily average IF), of the near-vehicle outdoor population due to diur-
nal changes in traffic flow, comparing no-deflector case with deflectors
at 2, 4, 6, 8 and 10m from the leeward wall. . . . . ... ... ...

a) Computational domain considered for step-up and step-down canyons

with CRP source model; b) Computational domain considered for
step-up and step-down canyons with SRP source model; ¢) Window
arrangement on all the walls surrounding the target street canyon for

estimating the indoor I'F,,. . . . . .. ... .. ... ...

a) Schematic figure showing the target central and side street canyons

for step-down canyon arrangement; b) Schematic figure showing the

91

92

93

94

104

target central and side street canyons for step-up canyon arrangement 105

a.1) Enclosing planes for the central street canyon in step-down con-
figuration; a.2) Enclosing planes for the side street canyon in step-
down configuration; b.1) Enclosing planes for the central street canyon
in step-up configuration; b.2) Enclosing planes for the side street

canyon in step-up configuration. . . . . . .. ...

Streamlines of the airflow in the target step-down street canyon for
the reference no-deflector case and when deflectors were placed 2.5,

5, 7.5, 10 and 12.5m away from the leeward wall. . . . . .. .. ..

viil

106



List of Figures

9.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

Contour plot of IF,, on the leeward facade for reference no-deflector
case and when the deflectors were placed 2.5, 5, 7.5, 10 and 12.5m
respectively from the leeward wall in step-down street canyons. . . .
Contour plot of 1 F}, on the windward facade for reference no-deflector
case and when the deflectors were placed 2.5, 5, 7.5, 10 and 12.5m
respectively from the leeward wall in step-down street canyon.
Step-down target street canyon- a) IF, along leeward facade (floors
1-10) under CRP source model; b) I F), along windward facade (floors
1-5) under CRP source model; c¢) IF,, along windward facade (floors
1-5) under SRP source model. . . . . . . ... ... L.
Vector plots of velocity magnitude at y = 14.5m plane for no deflector
reference case and when deflectors were placed at 2.5, 5 and 12.5m
away from the leeward wall in step-down street canyons. . . . . ..
Step-down target street canyon- Comparison of aanym against 6 un-
der - a) CRP conditions in central street canyon, b) SRP conditions
in side street canyon; Comparison of Ucanyon against F'S, under -
¢ ) CRP conditions in central street canyon, d) SRP conditions in
side street canyon; Comparison of ﬁcany(m against Sh under - ) CRP
conditions in central street canyon, f) SRP conditions in side street
CANYOIL. . . o v v v et e e e
Streamlines of the airflow in the target street step-up canyon for the
reference no-deflector case and when deflectors were placed 2.5, 5,
7.5, 10 and 12.5m away from the leeward wall. . . . . . .. ... ..
Contour plot of IF, on the leeward facade for reference no-deflector
case and when the deflectors were placed 2.5, 5, 7.5, 10 and 12.5m
respectively from the leeward wall in step-up street canyons.
Contour plot of IF,, on the leeward facade for reference no-deflector
case and when the deflectors were placed 2.5, 5, 7.5, 10 and 12.5m
respectively from the leeward wall in step-up street canyons.
Step-up target street canyon- a) IF, along leeward facade (floors 1-
10) under CRP source model; b) IF), along windward facade (floors
1-5) under CRP source model; ¢) IF, along windward facade (floors
1-5) under SRP source model. . . . . . .. ...
Vector plots of velocity magnitude at y = 14.5m plane for no deflector
reference case and when deflectors were placed at 2.5, 5 and 12.5m

away from the leeward wall in step-up street canyons. . . . . . . . .

1X

109

110

112

115

117

118

119

120

122



List of Figures

5.15 Step-up target street canyons- Comparison of Ceanyon against 6 under

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

- a)CRP conditions in central street canyon, b) SRP conditions in side
street canyon; Comparison of @any(m against F'S,, under - ¢)CRP
conditions in central street canyon, d) SRP conditions in side street
canyon; Comparison of @myon against Sh under - ¢)CRP conditions

in central street canyon, f) SRP conditions in side street canyon.

A Matrix illustrating the 16 possible combinations of scenarios from
two variations in traffic flow (CRP and SRP) and wind flow directions

(orthogonal and oblique). . . . . . . . ... ... ...

Schematic representation including top and side views of the compu-
tational domain considered for steep-asymmetric canyons with a.l)
CRP source model; a.2) SRP source model; b) regions where expo-

sure of pollutants are evaluated for each building facade (windows).

Top view of the computational domain of the city-type environment

considered for the oblique wind conditions. . . . . . . .. ... ...

a) Schematic representation with top and side views of standard de-
flector orientation under oblique wind conditions for CRP and SRP
source models (top); b) Schematic representation with top and side

views of standard deflector orientation under oblique wind conditions
for CRP and SRP source models (bottom). . . . . . ... ... ...

Flow chart representing the two-step strategy adopted in the current
work to optimize the wind deflector performance for simultaneous

changes in traffic and wind flow directions. . . . . ... ... ...

Streamlines of the airflow in the target steep street canyon for the

reference no-deflector case and when deflectors were placed 2.5, 5, 7.5,

126

131

133

135

136

138

10 and 12.5m from the leeward wall under orthogonal wind conditions.140

Steep target street canyon- a) IF,, along leeward facade (floors 1-10)
under CRP source model; b) I F), along windward facade (floors 1-10)
under CRP source model; ¢) I F, along downwind side facade (floors

1-10) under SRP source model and orthogonal winds. . . . . . . ..

Vector plots of velocity magnitude at y = 14.5m plane for no deflector
reference case and when deflectors were placed at 2.5, 5, 7.5, 10 and

12.5m away from the leeward wall in the target steep street canyons.

142

145



List of Figures

6.9

6.10

6.11

6.12

6.13

6.14

6.15

7.1

7.2

Steep target street canyon under oblique wind conditions with no-
deflector, standard deflector and tilted deflector configurations for
CRP and SRP source models. . . . . . . ... ... ... . .....
Steep target street canyon- IF, along the leeward facade, windward
and downwind side facade for no-deflector case (left), and scenarios
including standard (center) and tilted deflector configurations (right)
under oblique winds with CRP source model. . . . . .. ... ...
Steep target street canyon under oblique winds- a) IF}, along leeward
facade (floors 1-10) under CRP and SRP source model; b) I F}, along
windward facade (floors 1-10) under CRP and SRP source model; c)
IF, along downwind side facade (floors 1-10) under CRP and SRP
source model. . . . ...
Steep target street canyon- IF, along the leeward facade, windward
and downwind side facade for no-deflector case (left), and scenarios
including standard (center) and tilted deflector configurations (right)
under oblique winds with SRP source model. . . . . . . . .. .. ..
Combined sensitivity chart for the performance of wind deflector
across the leeward facade for combined changes in traffic and wind
flow directions. . . . . .. ..o
Combined sensitivity chart for the performance of wind deflector
across the windward facade for combined changes in traffic and wind
flow directions. . . . . . .. ..o
Combined sensitivity chart for the performance of wind deflector
across the side facade for combined changes in traffic and wind flow

directions. . . . . . . . .

Schematic of a hexagonal multi-directional wind deflector to orthog-

146

148

149

150

155

156

157

onally deflect incoming ambient winds at 0°, 45° and 90° respectively. 163

Methodological sequence of developing a CFD model for flow in Pearse
Street environment from 2D plan layout and 3D information from
lidar data of the neighborhood; a) Plan view of Pearse Street neigh-
borhood from Google Earth; b) 2D plan view layout of Pearse Street
neighborhood mapped in AutoCAD; ¢) 3D Lidar data of buildings in
Pearse Street neighborhood in ArcGIS; d) 3D solid models of build-
ings in SpaceClaim; e) Polyhexacore mesh of Pearse Street neighbor-

hood in Ansys Fluent. . . . . . .. .. ... ... ... ... ...,

x1



List of Figures

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

Wind rose diagram representing the statistical distribution of speeds

and directions of ambient wind flows in Dublin. . . . . . . . . . ..

Schematic of case studies considered for the performance assessment
of multi-directional wind deflector under ambient winds at a) 0°, b)

45° and c) 90° respectively in ideal street canyon environment. . . .

a) Schematic representing the different regions of the isolated street
canyon under different ambient wind directions; b) Schematic repre-
senting the arrangement of windows considered in the study for the

evaluation of near-road building CO IF,. . . ... ... ... ...

a) Isometric view of the Pearse Street environment and direction of
the ambient wind; b) Front view of target leeward facades ;c) Front

view of target windward facades . . . . . .. ... ...

Streamlines of the flow (plotted 0 < y/H < 10) under parallel am-
bient winds with no deflectors and one, two and three deflectors re-

spectively. . . .o

Contour of CO IF, across the windward/ leeward facade (plotted
0 <y/H < 10) under parallel ambient winds with no deflectors and

one, two and three deflectors respectively. . . . . . . . .. ... ...

Localized variation of CO IF), across the height of the leeward and
windward facades under parallel ambient winds with no deflectors

and one, two and three deflectors respectively. . . . . . .. .. ..

Streamlines of the flow (plotted 0 < y/H < 5, as symmetry about
y/H= 0) under perpendicular ambient winds with no deflectors and

one, two and three deflectors respectively. . . . .. ... ... ...

Contour of CO IF), across the windward and leeward facade (plotted
0 < y/H < 5, as symmetry about y/H= 0) under perpendicular
ambient winds with no deflectors and one, two and three deflectors

respectively. . . . . . .. Lo

Localized variation of CO IF, across the height of the leeward and
windward facades under perpendicular ambient winds with no deflec-

tors and one, two and three deflectors respectively. . . . . . . . ..

Streamlines of the flow (plotted 0 < y/H < 5, as symmetry about
y/H= 0) under oblique ambient winds at 45° with no deflectors and

one, two and three deflectors respectively. . . . . . .. ... .. ..

xii

167

169

170

171

172

173

174

175

177

178



List of Figures

7.14

7.15

7.16

7.17

7.18

7.19

7.20

Contour of CO [F, across the leeward facade (plotted —5 < y/H <
5) under oblique ambient winds at 45° with no deflectors and one,
two and three deflectors respectively. . . . . .. .. ... ... ... 181
Contour of CO IF, across the windward facade (plotted —5 < y/H <
5) under oblique ambient winds at 45° with no deflectors and one,
two and three deflectors respectively. . . . . . ... ... ... ... 182
Localized variation of CO IF}, across the height of the leeward under
oblique ambient winds at 45° with no deflectors and one, two and
three deflectors respectively. . . . . . . . . ... ... ... 183
Localized variation of CO [F, across the height of the windward
under oblique ambient winds at 45° with no deflectors and one, two
and three deflectors respectively. . . . .. .. ... ... ... .. 184
Comparison of flow streamlines in the Pearse Street environment with
and without the inclusion of multi-directional wind flow deflectors. . 185
Contour plots of CO IF,, and velocity magnitude in the Pearse Street
environment with and without the inclusion of multi-directional wind
flow deflectors. . . . . . . ... 187
Comparison of average CO IF), across the target windward and lee-
ward facades in the Pearse Street environment with and without the

inclusion of multi-directional wind flow deflectors. . . . . . . . . .. 188

Xlil






List of Tables

3.1

3.2

3.3

3.4

3.5

4.1

5.1
5.2

5.3

5.4

5.9

5.6

Statistical measure of CFD wvalidation of flow measurements con-
ducted by Brown et al. (from Lien and Yee (2004)). . .. ... ..
Statistical measure of CFD wvalidation of flow measurements con-
ducted by Meroney et al. (1996). . . . ... ... ... ... ....
Statistical measure of CFD validation of concentration measurements
conducted from CODASC database for isolated street canyon under
parallel ambient winds. . . . . . .. ..o
Statistical measure of CFD validation of concentration measurements
conducted from CODASC database for isolated street canyon under
orthogonal ambient winds. . . . . . . . ... ... .. ... ...
Statistical measure of CFD validation of concentration measurements
conducted from CODASC database for isolated street canyon under

oblique ambient winds at 45°. . . . . . . ... ... ...
Summary of case studies for conceptualization of wind deflectors

Summary of case studies . . . . .. ...
Percentage reduction of average CO exposure along the leeward fa-
cade in step-down street canyons in step-down street canyons.

Percentage reduction of average CO exposure along the windward
facade in step-down street canyons. . . . . . . ... ... ... ..
Percentage reduction of average CO exposure along downwind build-
ing side facade in step-down street canyons. . . . . .. ... .. ..
Percentage reduction of average CO exposure along the leeward fa-
cade in step-up street canyons. . . . . . ... ...
Percentage reduction of average CO exposure along the windward

facade in step-up street canyons. . . . . . . .. ... ... ...,

XV

20

23

29

29

29

68

102

111

111

114

121



List of Tables

5.7

6.1
6.2

6.3

6.4

7.1

Percentage reduction of average CO exposure along the downwind-

side facade in step-up street canyons. . . . . . ... ... ... ...

Summary of case studies . . . . .. ...
Percentage reduction of average CO exposure along the leeward fa-
cade in the steep street canyons under orthogonal wind conditions
with CRP source model. . . . . . .. ... ... ... ... .....
Percentage reduction of average CO exposure along the windward
facade in the steep street canyons under orthogonal wind conditions
with CRP source model. . . . . . .. ... ... ... ... .....
Percentage reduction of average CO exposure along the side facade
in the steep street canyons under orthogonal wind conditions with

SRP source model. . . . . . . ..

Summary of case studies for performance analyses of multi-directional

wind deflectors . . . . . ...

Xvi

124

137

142

143

144



Chapter 1

Introduction

1.1 Background

Air pollution is a potential concern for human morbidity and mortality world-
wide by being responsible for and capable of claiming 6.4 million premature deaths
in 2015 and 9 million deaths in 2060 upon failure to implement aggressive con-
trol measures (Landrigan, 2017). However, studies suggest that complying with
World Health Organization’s (WHQO’s) air quality standards could prevent 51213
deaths per year from P M, 5 exposure, and 900 deaths per year from NO;y exposure
(Khomenko et al., 2021). Khomenko et al. (2021) also showed that 124729 and
79435 deaths could be prevented if PM,5 and NO, levels could reduced to the
lowest measured concentrations. The economic and social development opportuni-
ties in cities have resulted in an increasing trend of population influx from rural
to urban settlements. By 2030, more than 60% of the global population is esti-
mated to live in cities and as much as 80% in high-income countries (Rydin et al.,
2012). With the increased developmental status of cities, less intense sources of air
pollution in rural areas are replaced by rising population, traffic, industrialization
and energy use in cities (Mage et al., 1996; Mayer, 1999). It is estimated that
nine out of every ten urban dwellers are exposed to higher fine Particulate Mat-
ter P M, 5 concentrations than annual World Health Organization (WHO) guideline
mean concentrations (WHO et al., 2019). Ambient air pollution which accounts for
two-thirds of the deaths associated with air pollution, finds its sources in vehicle

exhausts, power stations, crustal dust and domestic wood combustion (Hime et al.,
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2018). On the other hand, indoor air pollution has continued to be a serious con-
cern with about 3 billion people still relying on a combination of unclean fuel and
heating technologies for household requirements (WHO et al., 2019). However, in
urban environments, there is a clear relationship between indoor Air Quality (AQ)
and outside pollution levels, thereby impacting building occupants who are exposed
indirectly via ventilation and infiltration (Challoner and Gill, 2014). Exposure as-
sessments in Dublin have shown that people spend > 90% of their time indoors or
in an enclosed transport mode (McCreddin et al., 2013). On the other hand, the
challenge of mitigating air pollution hot spots including traffic signals and junctions
for the benefit of near-road buildings, pedestrians and vehicle commuters remains
imminent. Traffic signals were shown to contribute to 25% of overall air pollution
exposure while only accounting for 2% of the overall journey time and peak hour
exposures in traffic intersections could be as high as 29 folds higher than free-flowing
traffic (Goel and Kumar, 2015).

Although significant efforts in research and policy have been made to control air
pollution by addressing the quantity and intensity of emissions, they are largely
focused on tackling the problem at the source including low emissions zones, con-
gestion charging, eco-driving initiatives, changes in road infrastructure, speed limit
controls, improvements in public transport, and behavioral change initiatives to
mention a few. Low emissions zones for example were shown to reduce air pollution
within an affected area in London by 2-3%, and by just 1% outside it (Ellison et al.,
2013). License plate restrictions on traffic within a restriction zone in Hangzhou
China decreased air pollution by 6.9% (Pu et al., 2015). The implementation of
Eco-driving has also been shown to reduce emissions rates of individual vehicles by
typically 5-15% in a variety of road conditions and vehicle types (Alam and Mc-
Nabola, 2014). However, the improvements in air quality brought about by the
changes in emissions from many interventions and policies of these types are rela-
tively moderate or negligible in some cases (Tang et al., 2019). Investigations have
shown that emissions restriction zones resulted in significant detouring of traffic
within a city, resulting in slightly lower emissions within the zone but air pollution
increases in the city as a whole (Tang et al., 2017). Indeed the level of investment
and enforcement required in low emissions zones or speed limit changes for example
is significant relative to the moderate reductions in air pollution associated with
these approaches. Furthermore, the health impact arising from low to moderate
improvements in emissions from the transport sector has facilitated lower changes

in AQ as background concentrations and other sources of pollution remain unaf-
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fected. This failure to reduce air pollution concentrations by significant amounts
in the urban environment is part of the reason why it has remained a significant
environmental issue for the past several decades. As such alternative and com-
plementary approaches require equal attention to those interventions considering
source control. Passive air pollution control aims to engineer the natural airflow
patterns to facilitate enhanced dispersion and dilution in targeted regions within a
street canyon, a key feature of urban environments (Gallagher, 2013). Roof-level
interventions offer multiple advantages including the promotion of mixing between
the polluted air contained within the street canyon and relatively fresher air above
it. However previous investigations have mostly focused on, changes to localized dis-
persion within the street canyons using street-level interventions, including changes
in surface and subsurface infrastructure and diurnal and seasonal variability as in
the case of parked cars and vegetation respectively (Buccolieri et al., 2022). More-
over, because roof-level interventions can maneuver the airflow within the street
canyons in its entirety, it can bring a global change to the dispersion mechanism
within a street canyon which otherwise would have necessitated a major change in
the built environment including Aspect Rations (ARs) and roof shapes or inclusion
of a major infrastructure such as a viaduct for example. The current research aims
to evaluate the merits and demerits of using roof-level interventions in a dynamic

setup as that remains an unexplored theme in the context of air pollution control.

1.2 Problem Description

Although passive air pollution control interventions offer effective mecha-
nisms to tackle the air pollution crisis in urban environments, they are inherently
coupled with scientific and practical limitations. Firstly, the wind flow and pollution
dispersion patterns within street canyons are complex and therefore require exten-
sive modeling and analyses to realize the impact of passive interventions in street
canyon environments. Apart from computational resources which are also crucial,
there is a substantial lead time in determining the optimal configuration of a pas-
sive intervention in a particular environment. However, interventions in general are
either designed for extreme or predominant scenarios. On the other hand, design-
ing passive interventions for all plausible scenarios is neither practical nor useful
given the dynamic nature of outdoor environments. The risk of passive intervention
deteriorating the street canyon environment ventilation more under other scenarios

remains significant. For instance, in a modeling study relating to Pearse Street,
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Dublin, a combination of parked cars and low boundary walls reduced 21-22% pol-
lution exposure across a specific pedestrian region along the leeward side when the
ambient winds were in the predominant direction. However, the same combination
of low boundary walls and parked cars increased pollution exposure in the same
region for similar traffic flow by 34-40% when the winds were perpendicular to the
street canyon. Therefore, a trade-off is necessary between the two approaches. It is
worth noting that the changes in air flow dynamics within the street canyons due
wind pattern, temperature and humidity are only some of the several factors that
affect the static passive barriers (Oke, 1988; Vardoulakis et al., 2003). As cities
and urban environments evolve, structural changes including new buildings, traffic
flow adjustments and changes in land use strategies, short and long-term fluctu-
ations in the emissions along with climate change including rising temperatures,
shifting weather patterns and frequently occurring extreme events largely leave the
static barriers under the threat of being counter-productive (Buccolieri et al., 2010.)
Lastly, adding to the complexity, vegetation which are included in street canyon as
potential passive mitigation intervention undergo natural changes due to season-
ality and ambient conditions (Abhijith et al., 2017). Therefore, the first approach
involves designing passive interventions based on extreme or predominant conditions
carries the risk of negatively impacting the street canyon under other environmen-
tal conditions. The second approach involves creating a comprehensive solution
database. This database would detail how to optimally operate different passive air
control interventions for various environmental factors. However, this comes at the
cost of increased computational resources, time, and uncertainty regarding practical
implementation.

Although roof-level interventions can holistically improve the overall ventilation and
positively impact all the stakeholders of the street canyon environments including
the near-road building occupants, pedestrians and vehicle commuters, their rigid
installation framework corroborates the same limitation as any other passive inter-
vention. Therefore, the problem pursued in this research includes the demonstration
of the risks and benefits of deploying a static and adjustable wind deflector system

to respond to realistic environmental changes in an urban environment.

1.3 Aims and Objectives

This research aimed to evaluate and demonstrate the benefit of deploying

an adjustable wind deflector system, responsive to changes in micro-environmental
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conditions. Two different analysis approaches were undertaken to explore this con-
cept. First, the impact of the position and orientation of roof-level wind deflectors,
adjustably controlled for the changing traffic and wind conditions, on street canyon
air quality was explored (objectives 1-3). Second, a common multi-directional wind
deflector was developed and its impacts were assessed for changing wind conditions
(objective 4). The following objectives were incorporated to realize a quantitative
(objectives 1-4) and qualitative (objective 5, integrated with objectives 1 and 2 in
the study) influence of adjustable wind deflector systems on air quality in a street

canyon environment under diverse conditions.

1. Conceptualize and illustrate the potential of adjustable wind deflectors on air
quality in a simple 2D environment and a complex 3D city-type environment
with daily traffic flow direction changes respectively.

2. Illustrate the versatility of adjustable wind deflectors for varying street canyon
ARs.

3. Investigate the performance of the wind deflector system in terms of its re-
sponse to multiple simultaneously changing conditions of the environment
including traffic and wind flow direction changes.

4. Evaluate the efficacy of the multi-directional wind deflector system and ascer-
tain its region of influence for changing wind directions.

5. Assess the fundamental impacts of roof-level deflectors on street canyon ven-

tilation using appropriate ventilation indices.



Chapter 1. Introduction

1.4 Outline of the thesis
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4
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Chapters of Research
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Condusions and Future
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Figure 1.1: Outline of thesis. !

Ventilation indices including C’canyon, # and Sh are detailed in Chapter 2.
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Chapter 2

Literature review

2.1 Structure of Literature Review

The literature review is divided into four sections including an overview of
air pollution, a summary of various passive barriers and urban environmental con-
figurations studied apriori, ventilation indices developed and applied to urban street
ventilation, and identified gaps in the literature. The overview of air pollution ex-
amines the evidence and the evolution of human efforts to tackle the concern. It
includes information on different types of pollutants present in the atmosphere and
their characteristics based on their physical and chemical properties, and longevity
of presence in and influence on the environment, their impact on human health, the
nexus this forms with climate change and policy-based measures undertaken thus
far to mitigate the problem. With a brief outline of the necessity for modeling-based
studies and passive interventions, the second section covers aspects relating to the
effect of changing wind directions, building shapes and Aspect Ratios (ARs) of the
street canyons, passive interventions including boundary walls, vegetation, wind
catchers to mention a few, and active interventions including Pedestrian Ventilation
Systems (PVS) and surface heating. The last section details the definition of tradi-
tional ventilation indices used thus far in the study of fundamental mechanisms of
pollution removal in street canyons. The sensitivity of these indices under differing

conditions as applied by previous studies for various situations is also explored.
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2.2 Overview of Air pollution

2.2.1 History

Air pollution has affected human livelihood through both natural and an-
thropogenic sources. Incidents including volcanic eruptions emitting Particulate
Matter (PM), pollutant gases such as SO and H2S and greenhouse gases includ-
ing methane and forest fires releasing smoke, unburned hydrocarbons, CO, C'Os,
NO, and ash have been a part of the earth’s evolution (Vallero, 2014). However,
the scale and context of air pollution substantially changed after the advent of the
Industrial Revolution in the eighteenth century. This period witnessed extensive
exhaust from the combustion of coal and oils in the second half of the century. As
of the 1780s, the coal imports in London had increased by a factor of 2.5 compared
to the previous century (Brimblecombe, 1978). Concerns including soot-fall and
continuous smoke from the forges prevailed amongst the inhabitants of London dur-
ing the time. Meanwhile, several severe air pollution incidents in other parts of the
world and the infamous London smog episode in 1952 (Polivka, 2018) highlighted
the seriousness of the crisis. Finally, both national and international commitments
have been pursued by different governments in their efforts to protect the air and
contain climate change. Starting with the formation of the United Nations Frame-
work Convention on Climate Change (UNFCCC, 1992), the aim was to regulate
greenhouse gas concentrations in the atmosphere to avoid the dangerous interfer-
ence of anthropogenic pollutants with the climate system (Bodansky, 1993). This
was followed by the iconic Kyoto Protocol (1997) when developed nations agreed
to reduce emissions of six greenhouse gases (COy, CHy, NoO (Iwata and Okada,
2014), Hydro-fluorocarbons HFCs, Perfluorocarbons PFCs and SFg ) to prevent
global warming. Later, the Paris Agreement (2015) was adopted to limit the global
temperature increase to be well below 2° C as in the pre-industrial times and drive
countries toward becoming low greenhouse gas emitting and climate-change resilient
economies (Delbeke et al., 2019). Lastly, in the twentieth century, the extent of au-
tomobiles used redefined the pollution exposure trends in major cities (Mayer, 1999)

and hence the focus of regulation has turned towards the same.
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2.2.2 Types of Air Pollution

In the overall context of the longevity of presence in, and influence on, the
environment, air pollutants could broadly be classified to belong to the global scale
(Carbon cycle), regional scale (Sulphur and Nitrogen cycle) and local scale (Fluo-
ride cycle) pollutants (Vallero, 2014). The CAFE directive highlights eight critical
pollutants including Particulate Matter (PM), CO, PAHs, NO,, Oz, SO, VOCs
and Heavy Metals (UNION et al., 2008) from both, the direct or indirect sources
in the three scales. Global scale pollutants are characterized by the combustion
process of fossil fuels resulting in the emission of CO, CO, and organic compounds
including PAHs and VOCs. Concentrations of these pollutants are steadily increas-
ing as they primarily depend on naturally slow photosynthesis for their decay in
the atmosphere and cause global impacts including global warming. SO, and NO,
acidify in water to cause acid rain and their reduction by bacterial action followed
by hydrogenation of SO, and photochemical activity of NO, leading to H,S and
O3 respectively, with regionally (Vallero, 2014). Some PM falls under this category,
for example in the case of sandstorms (Haerens, 2011). Heavy metals and PM not
supported by buoyancy for longer carriage and relatively chemically inert pollutants

usually comprise the local scale pollutants.
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Figure 2.1: Bimodal Particle Number Distribution (PND) for the variation of par-
ticulate size (Vallero, 2014).
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2.2.3 Insight into pollutants

1. Particulate Matter: A natural bimodal distribution on a mass/ volume ba-
sis is observed for PM as shown in Figure 2.1 and are usually spherical due
to the liquid surface tension drawing its organic and inorganic constituents so
(Vallero, 2014). Peak at smaller sizes reflects on condensation and coagulation
of aerosol particles and at larger sizes, it shows earth and sea particles and
agglomeration (Vallero, 2014). Vehicular traffic, coal combustion and indus-
tries, agricultural stubble burning (Beig et al., 2020) and domestic solid fuel
combustion contribute to the addition of PMs. The annual and daily mean
P M,y exposure are 20ug/m?3 and 50ug/m? respectively (WHO, 2006). How-
ever, the WHO-guided limits for annual and daily mean PM, 5 exposure are
as low as 10ug/m?® and 25ug/m3 respectively (WHO, 2006).

2. Gaseous pollutants: CO, PAHs, NO,, Oz, SO, and VOC's fall under this
category. Despite other sources of CO gas including Methylene Chloride and
other solvent removers used in paints, tobacco smoking, propane-operated
forklifts and poorly functioning heating systems, CO from motor vehicle ex-
haust fumes accounted for the maximum proportion of CO poisoning deaths
in the US (Ernst and Zibrak, 1998). It is easily ignitable and lighter than
air making it dangerous to handle in higher quantities (Reyes et al., 1923).
The WHO-guided limits for eight and 24-hour mean CO exposure include
10.5pg/m? and Tug/m? respectively (WHO et al., 2010). Incomplete com-
bustion and pyrolysis of materials containing carbon and hydrogen, such as
coal, oil, wood and petroleum products account for the addition of atmospheric
PAHs. Roofing tar, plastics and pesticides also include PAHs (Ravindra et al.,
2008). The release of PAHs largely depends upon the atmospheric humidity
and the ignition temperature (Dat and Chang, 2017). NO, which is respon-
sible for increasing ground-level ozone, formation of acid rain, acidification
of aquatic systems, forest damage, degradation of visibility, and formation of
fine particles, is generally formed by the combustion of Nitrogen in the air
(thermal NO,) or through oxidation of fuel Nitrogen (fuel NO,) (Srivastava
et al., 2005). The WHO-guided limits for hourly and annual mean NO, expo-
sure include 40ug/m?3 and 200pg/m? respectively (WHO et al., 2010). Os is
considered a transboundary pollutant as it peaks several kilometers downwind
of major sources of its precursors including NO, and VOCs after wind carries

away after their peaks near their major sources. WHO guided limit for O3 con-
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centration is 100ug/m3 for 8 and 24-hours mean (Krzyzanowski and Cohen,
2008). The 15 monitoring pollution monitoring sites in Ireland recorded O3
concentrations to be within EU guidelines throughout the year 2018, but 13
of the sites recorded values exceeding the WHO guidelines. Despite its short
lifetime in the atmosphere, the contribution of SO, to the Sulphur cycle and
thereby influence on human health and the environment makes it a criteria
pollutant (Kharol et al., 2017). WHO guided limit for SOy concentration is
500 pg/m3 and 20 pg/m3 for 10-minute and 24-hour averages (Krzyzanowski
and Cohen, 2008). Finally, coal combustion, biomass burning, gasoline and

diesel vehicles and painting account for the addition of atmospheric VOCs.

2.2.4 Health impacts of Air Pollution

Heart diseases (38% & 27%), stroke (20% & 18%) and pulmonary diseases
(43% & 54%), including Chronic Pulmonary Obstructive Diseases (COPD), pneu-
monia and lung cancer, account for total deaths related to ambient and household air
pollution (WHO et al., 2019). Findings on acute PM exposure indicate an increase
in cardiovascular deaths by 1% for every increase of 10 ug/m3 of daily PM, 5 con-
centration, a two- hours long exposure to PM;q concentration of 25 pg/m? increases
the risk of myocardial infractions by 48%, and an increased potential for heart attack
incidents by a factor of 2.73 following a 1-hour of traffic jam (Zhang et al., 2016).
Days following high PM concentrations have also been associated with decreased
lung function, increased incidents of respiratory symptoms, increased school absen-
teeism, and increased respiratory hospital admissions (Park et al., 2002, Zhang et
al., 2021), particularly in children (Roy et al., 2011). Besides, chronic PM exposure
is studied to induce neuro-toxicity (Fu et al., 2019; Kim et al., 2020) and increased
exposure to the same has been linked to the development of neurodegenerative dis-
eases including Alzheimer’s disease, Parkinson’s disease and neurodevelopmental
disorders, including autism spectrum disorder (Costa et al., 2020). Prolonged O3
exposure results in cellular and structural changes in the lungs. Although minimal
exposures as low as five minutes are recognized to start triggering symptoms, chronic
low exposures could damage the epithelial cells of the lungs (Mage et al., 1992). NO,
on the other hand, due to its low solubility in water, can penetrate all parts of the
respiratory system resulting in minimal retainment of NO, in the upper respiratory
tract and maximal dosage to the lung tissues offering conducting airways and air

exchange regions (Mage et al., 1992). CO is rapidly absorbed in the blood where it
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is bound to the hemoglobin to form carboxyhemoglobin (COHb), thus impairing the
oxygen-carrying capacity of the blood. The transition from oxyhemoglobin (OHb)
to COHD leads to oxygen deprivation in the body tissues. Hemoglobin absorbs CO
about just as rapidly as Oy but the bond is about 245 times stronger (Mage et al.,
1992).

Besides the direct impact of air pollution on human health, the social cost associ-
ated is also very high (WHO et al., 2017). The annual asthma-related costs incurred
by two communities in the USA, especially the ones with children, was as high as
$18 million (Brandt et al., 2012). Similarly, the EU was reported to incur $ 1.55
billion for treating children with asthma in 2008 where the quality of the environ-
ment was the concern (Bartlett and Trasande, 2014). On the other hand, (Mudarri,
2007) indicated that the social cost of compromised air indoor quality is very high
as the asthma-related annual costs incurred in the USA due to dampness and mold

exposure was about $3.5 billion.

2.2.5 Air Pollution & Climate Change Nexus

As mentioned earlier, global pollutants prevail in the atmosphere for a very
long time and result in long-term global implications. Aerosols and gases in the
atmosphere either allow the light and heat energy to pass through them, scatter
and provide a shade effect, or absorb them. Gases including C Oy, C'Hy, O3 and
N>0 with absorptive wavelengths impede heat, limit the heat transmission back into
space and develop the greenhouse effect (Vallero, 2014). Climate change results in
stagnation of pollutants without decay in the atmosphere for prolonged periods
(Peel et al., 2013). Similarly, CFCs were identified to be capable of disturbing
the steady-state concentrations of stratospheric ozone (Vallero, 2014) and scientists
observed the ozone hole in the 1980s as a concern to open a larger window for climate
change. On the other hand, climate change-induced increases in NO, emissions (e.g
from increased energy use for air conditioning) in summer act as a stable source of
precursor for Os in the atmosphere (Weaver et al., 2009). Moreover, the higher
temperatures result in increased VOC emissions from trees that further stagnate O3
in the atmosphere and extended lifetime of O3 in the atmosphere in return increasing
the VOC emissions from the trees, thereby forming a perfect nexus (Mickley, 2007;
Nolte et al., 2008). Although the anthropogenic sources overshadow the climate
change-based penalty of human health impact from pollution (Fang et al., 2013;
Silva et al., 2013), Garcia-Menendez et al. (2015) predicted that about 22000 and
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95000 air pollution-related deaths could be avoided in the years 2050 and 2100
respectively upon adherence to climate stabilization measures and limiting warming
to be below 1.5°.

2.2.6 Policies to Mitigate Air Pollution

2.2.6.1 Controlling Emission Sources

Policies have aimed to regulate sources of emissions from diverse sources in-
cluding stationary and mobile sources. In the EU, the 2001/80/EC directive was
framed to regulate the emissions of NO,, SO, and particulate matter from sta-
tionary sources, especially from large combustion plants with thermal input ratings
greater than or equaling 50 MW (UNION et al., 2008). A drive for the usage of
alternative fuels and the concept of emissions trading was introduced in the US
through the Clean Air Act- Amendment of 1990 (Waxman, 1991). Specific to traf-
fic emissions, the Energy Policy Act of 2005 was introduced in the US to incentivize
the purchase of hybrid EVs through credits against taxation (Act, 2005). Despite
incentives, Mersky et al. (2016) criticized the low market share of EVs associated
with individuals’ purchase capacity, infrastructure to support EVs and technolog-
ical limitations surrounding the EV mobility ecosystem. Behavioral interventions
include the promotion of public transport usage through logistical (Haque et al.,
2013) and financial benefits (Thegersen, 2009), congestion charges imposed in Lon-
don (Atkinson et al., 2009) and Stockholm (Johansson et al., 2009). However,
off-loading traffic in different cities in specific routes through congestion charging or
other measures has reduced and increased emissions in the immediate vicinity and
alternate routes, respectively (Atkinson et al., 2009; Johansson et al., 2009; Tang
et al., 2017). A more advanced congestion charging system based on distance cov-
erage was introduced in Singapore (Haque et al., 2013). Promotion of 'zero carbon
transport’ drives is carried out by including infrastructure to support walking and
cycling (Han, 2010; Pucher and Buehler, 2005.)

2.2.6.2 Controlling Emission Intensities

EU Directives 70/220/EEC and 88/77/EEC were established for emission
regulations for light and heavy-duty vehicles respectively (Directive, 2005). The
Directive 88/76/EEC- Luxembourg Agreement, enforced the mandatory require-
ment of three-way catalysts to reduce CO, VOCs and NO, (Lubinska, 1985). From
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EURO 1 restricting vehicles to emit less than 2.72 g/km (petrol and diesel), 0.97
g/km (petrol and diesel) and 0.14 g/km (diesel only) of CO, HC+ NO, and PM
respectively, the restrictions have been made more stringent as for EURO 6 regula-
tions permitting 1.0 g/km, 0.10 g/km, 0.06 g/km and 0.005 g/km of CO, HC, NO,
and PM (petrol) and 0.50 g/km, 0.17 g/km, 0.08 g/km and 0.005 g/km of CO, HC,
NO, and PM (diesel) respectively. The EU has also enforced a car labeling direc-
tive, mandating car manufacturers to showcase complete details of fuel efficiency
and CO2 emissions to facilitate informed decision-making from the customer’s end
(Han, 2010). Also, recommendations are made to distinctly mention carbon-based
Vehicle Registration Taxes (VRT) during purchase as they may be camouflaged in
the overall price, owing to the observation that Annual Carbon Taxes (ACT) im-
pacted purchases more than the VRTs (Giblin and McNabola, 2009). Innovative
neutral revenue policies are also recommended where the high-emitting sources are
taxed to incentivize low-emitting energy sources (Galinato and Yoder, 2010). More-
over, cities in the EU have also started implementing Low-Emission Zones (LEZs)
where vehicles not meeting specific criteria are not permitted in the region (Zhai
and Wolff, 2021).

Besides directive policies, regulatory policies have largely affected the vehicle mar-
ket, air pollution and the environment. Japanese and American markets have shifted
to gasoline engines and the Japanese market dwelling in hybrid vehicles since 2001,
has relieved them from the crisis of diesel engine vehicle emissions, unlike the EU
(Walsh, 2001). Gallagher et al. (2021) criticized incentivizing the purchase of Diesel
vehicles that emit as much as 25- 400 times more PM as compared to gasoline-
powered counterparts and about 94 percent of the combustion exhausts are PMs s,
which are much more toxic than the larger particles to human health. Gallagher et
al. (2021) also highlighted the usage of diesel particle filters as not an efficient option
in start-stop type slow-moving traffic as the sufficient temperature in the exhaust is
not achieved. Schipper and Fulton (2009) also criticized the incentivization of diesel
vehicles in the EU as neither tangible C'O, nor energy savings were observed as in
2006. In recent years, consideration of hybrid and alternate fuels has received a
large focus for AQ-related reasons. Usage of gaseous hydrogen in Fuel Cell Vehicles
(FCVs) was studied to emit the least amount of SO,, COy and PM compared to
counterparts including IC Engines and Hybrid Vehicles (Ugurlu, 2020). Since the
pollution emission is shifted from traffic to power generation stations for EVs, the
comprehensive impact would depend on a multitude of factors including the type

of EVs, source of power generation, climate of the region and charging pattern to
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mention a few (Requia et al., 2018). This also brings another question to consider,
how effective would the EVs be in mitigating (Green House Gases) GHGs if the
power source is through fossil fuels (Ghosh, 2020)7

2.3 Urban Environments and Passive Interven-

tions

2.3.1 Air pollution in street canyons & General terminolo-

gies

Street canyons are common elements in urban environments where the build-
ings flank the roads and restrict the dilution of traffic emissions by obstructing the
natural airflow. Street canyons with other micro-elements including vegetation and
urban building features form the core of micro-scale studies focussed on the turbulent
effects within Urban Canopy Layer (UCL). The street canyon geometry determines
the nature of the flow to be wake-interfering, skimming, or isolated roughness within
them (Oke, 1988) as shown in Figure 2.2. As shown in Figure 2.2, the ambient winds
wash down along the windward facade, amass pollution at the street level, rise along
the leeward facade infecting the same before mixing with the above roof cleaner air
and recirculating back or exiting the canyon forever. This forms the primary recir-
culation within street canyons. This primary recirculation flow pattern can however
change drastically for street canyons with differing Aspect Ratios (ARs). ARs are
generally representative of either the H/W ratio, where H and W are the heights
of the buildings and width of the street, or the H;/Hs ratio, where H; and H, are
the heights of the upwind and downwind buildings. Street canyons with H;/Hs < 1
H,/Hy < 1 are referred to as step-up and step-down canyons while canyons with

H, = Hy, = W are referred to as ideal canyons.

2.3.2 Using passive interventions to engineer street canyon
air quality

Both technological and policy-based interventions to mitigate high human

exposure to pollution through controlling source and emission intensities have sev-

eral drawbacks and challenges to overcome. These include high lead time for a new

technical intervention as in the case EURO emission regulations, ethical concerns of
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Figure 2.2: Figure showing interference, skimming and isolated roughness flows
within street canyons of varying ARs; modified from Oke (1988).

relieving one neighborhood from higher pollution exposure at the expense of another
as in the case of congestion charges, increased dependence on human behavior and
overall environmental impact in the case of EVs and FCVs to mention a few. On the
other hand, passive interventions offer relief from pollution exposure through an-
other strategy, modification of source-receptor pathways. These principally work by
engineering the flow pathways in an urban environment to either effectively enhance
localized dispersion or divert the pollution-rich air away from human-inhabited re-
gions. Several common urban features including roofs, balconies, advertisement
boards, and overhangs when optimally deployed for a micro-environment can assist
in reducing human exposure to pollution. The advantages of passive control inter-
ventions over the earlier two strategies include ease of implementation and reduced
lead time for a solution, cost, dependence on human behavior and regulations to
consider. This thesis will focus on passive controls for mitigating human exposure
to air pollution. However, it would be best to complement passive interventions

with other strategies for realizing better outcomes.
2.3.3 Effect of Asymmetry, Roof Shapes and Other Urban

Features

Both wind tunnel and numerical studies have investigated the flow dynam-
ics in wake interference, skimming, isolated roughness and multi-vortex flow within

street canyons with differing ARs as shown in Figure 2.3 Li et al.;, 2009; Li et al.,
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2006; Oke, 1988; Vardoulakis et al., 2003; Xiaomin et al., 2006). In regards to
pollution exposure, asymmetry strongly influences the initial flushing mechanics
and the subsequent flow regime within the street canyons. Narrow street canyons
also inhibit the width of large recirculating vortices and vertical mixing (Baratian-
Ghorghi and Kaye, 2013). The average pollutant concentration in street canyons
with AR=0.5 was recorded to be 67% less than street canyons with ARs of 1 to
2 (Liu et al., 2005). Based on the residence times, a pollutant parcel is estimated
to recirculate four times before exiting street canyons with AR=1. In contrast,
it recirculates less than 3 times on average for street canyons with AR=0.5 (Liu
et al., 2005). Wider street canyons exhibited higher air exchange rates (ACH) but
not pollution exchange rates (PCH). From the analysis of the concentration bud-
gets, advection was shown to be responsible for pollution redistributions within the
primary recirculation. At the same time, turbulent transport facilitated pollutant
penetration between the primary recirculations and the pollutant removal from the
street canyons (Li et al., 2009). Large Eddy Simulation (LES) studies have been
conducted to understand the contributions from mean and turbulent fluctuations
induced fluxes (both mean flow and turbulence aid in the pollution removal process
and their mathematical formulations are detailed in section 2.4) for different ARs
in idealized street canyons under 2D conditions (Cheng and Liu, 2011; Liu et al.,
2005; Liu and Wong, 2014). Cheng et al. (2009) studied the influence of buoyancy
on pollution removal mechanisms using a variety of surface heating scenarios and
reported that the decrease in Richardson Number (Ri) reflected in an increase in

PCH eqn and reduction in Cegnyon (average canyon concentration).

Wind

%
_

(a) Shallow street canyon (H/W<4) (b) Deep street canyon (H/'W=>4)

Figure 2.3: Schematic representation of a) single primary recirculation in street
canyons with AR<4 and b) formation of multi-vortex recirculation pattern when
the AR increases from 4 to 5 (He et al., 2017).
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The roof shapes largely determine the amount of ambient air entering and the
speed of the vortex formed inside the street canyon. Although slightly slanted roofs
improved the street canyon ventilation by reducing the aerodynamic roughness of
the street canyons, highly tilted roofs facilitated multiple detached vortices extend-
ing over the rooftop, thereby again detrimentally affecting the pollution dispersion
(Takano and Moonen, 2013). Huang et al. (2015) and Huang et al. (2009) upon
studying a combination of wedge-shaped roofs reported that step-down canyons
provided enhanced ventilation as compared to step-up canyons as they tended to
form a primary vortex aligned closer to the windward wall and thereby forming a
weaker secondary vortex in the canyon’s lower part, causing an inhibited transport
of pollutants from the source. The upward wedge shapes in the upwind build-
ing enhanced the air entry into the canyon while the downward wedge restricted
the same. Ding et al. (2019) showed the impact of viaducts on limiting the flow
within the street canyons formed by both flat and triangular roof configurations
as their elevation was raised such that flow reversal occurred abruptly altering the
dispersion. The impact of asymmetry on building typologies can also be a complex
function of the amount of built area along with the ARs. Although da Silva et al.
(2022) observed a monotonically deteriorating AQ for increasing AR for a single
block, detached blocks and courtyard models in general, the courtyard model with
a wider AR of 0.8 facilitated 20% better ventilation than the single block model
which offered the best ventilation for a symmetric AR configuration suggesting that
minimal surface per obstacle in the built environment is crucial (da Silva et al., 2021,
2022). Although roof shape modifications, building asymmetry and typologies can
substantially affect pollution dispersion and even promote ventilation in the street
canyons holistically, one could say that the findings can be useful guidelines in ur-
ban planning in the development phase and rather cannot be applied as solutions to
existing street canyons. Moreover, urban features such as asymmetry, roof shapes
and building typologies are major infrastructural modifications and can be applied

as an adaptive solution to continuously changing environmental conditions.

2.3.4 Effect of wind directions

Changing wind directions can largely influence air exchange and pollution
removal from the specific elements of a street canyon and street canyons in their
entirety (Huang et al., 2019; Jon et al., 2023). Shapes of the urban built environment

were evaluated for the age of the air and air exchange efficiency under varying wind
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directions (Hang et al., 2009a). Round city models with two streets developed
younger and older air in the street parallel and perpendicular to the upstream winds
while the city models developed similarly aged air in the two streets. In a study
to evaluate the influence of on-street car parking and vegetation for varying wind
directions, having trees along the windward side of the canyon was identified to be
beneficial to air quality on footpaths for the oblique wind flow cases (Abhijith and
Gokhale, 2015). Similarly, Jon et al. (2023) observed that including balconies only
on the leeward side improved the overall ventilation of the street canyon for varying
wind directions. Yim et al. (2009) modeled the wall effects to evaluate the retention
times and velocity ratios for a densely built environment in Hong Kong for 0° and
22.5° wind incidence scenarios. Yim et al. (2009) showed that the rise in retention
times by 45% and 80% by including upstream buildings which are two and four
times the height of the subject downstream built environment could reduce up to
30% and 40% when the wind direction changes from 0° to 22.5° respectively. Huang
et al. (2009) reported the risk of increased accumulation of pollution along the
windward and leeward facades when the ambient winds were aligned more parallel
and perpendicular to the street canyon respectively. Jon et al. (2023) observed a
deterioration in Net Escape Velocity (NEV) for pedestrians along the leeward side
for ambient wind incidence at 0°, 45° and 60° respectively despite an improvement
in the street canyon ventilation for oblique cases. Using lift-up building structures is
also considered to enhance pedestrian wind availability and increase wind velocities,
especially in the low upstream wind velocity zones for orthogonal and oblique winds
(Du et al., 2017). Lift-up buildings also experience less exposure to pollution as flow
pathways are channelized under the buildings. (Sha et al., 2018) evaluated which
floor of the building could be lifted in a city-type environment under oblique wind
flow conditions and lifting the first floor was realized to yield maximum relief from
pollution exposure by as much as 50% for 30° ambient winds. (Sha et al., 2018)
also reported the relatively enhanced benefit of the lift-up structures for oblique
winds compared to parallel winds. Finally, despite the strong coupling between
the flow above and below the urban canopy, the flows deep within the canopy
and in intersections are not aligned with the ambient flows due to several reasons
including viscous forces forming an integral part of the flow and the formation of
strong helical structures (Claus et al., 2012; Moonen et al., 2012), thus making it a
complex scenario for evaluation. However, changes in wind direction can attenuate
or aggravate the changes in pollution dispersion brought by a change in any other

environmental variables and the response of passive interventions to such changes

19



Chapter 2. Literature review

in tandem is unexplored.

2.3.5 Other Passive Interventions

Another common urban feature that substantially affects urban ventilation
is the viaduct. Raising the elevation of the viaduct from the ground increases the
size of the counter-rotating small vortex at the bottom of the windward side to an
extent where it enlarges and replaces the predominant vortex. Ding et al. (2019)
observed raising the viaducts further upwards would reverse the flow back to the
no-viaduct configuration and that these flow reversal properties were observable for
roofs including both flat and triangular shapes on both the leeward and windward
buildings. By considering the time-activity patterns and breathing rates for three
different age groups Hang et al. (2017) estimated the personal exposure to pollu-
tion based on street layouts, source locations and viaduct and barrier settings in 3D
urban setups. The impacts of viaducts in 3D city-type environments were more com-
plex than in 2D and 3D urban environments. Unlike the observations by Hang et al.
(2017), wider ARs in city-type environments did not facilitate improved ventilation
of the street canyons (Hang et al., 2018) and the viaducts balanced the pollution
distribution between leeward and windward facades (Hang et al., 2017; Hang et al.,
2018). Other envelope features including balconies, wing walls and overhangs on
the contrary increased and decreased the pollution exposure on the leeward and
windward facades respectively. This was consistent for ARs 1-3 (Cui et al., 2020).
However, Hang et al. (2018) reported that city-type environments experienced lesser
exposure to viaduct-related emissions in the secondary streets due to diluting air
flow from the primary street parallel to the wind flow (which was not present for
2D scenarios). Moreover, viaducts can also lead to increased accumulation of pol-
lution below them as they directly restrict the rise of pollutants (Zhi et al., 2020).
However, including viaducts in steeper canyons effectively restricted the formation
of vertically aligned vortices that elevated the exposure along the near-road build-
ing facades (He et al., 2017). Although noise barriers along viaducts can mitigate
high pollution exposure along near-road buildings (Hang et al., 2018), increasing the
lengths and heights of noise barriers deteriorated the synergistic pollution removal
facilitated by the concentration field and velocity in an isolated street canyon envi-
ronment (Ming et al., 2023) and therefore increased the mean canyon concentrations
and also the natural rise-up of pollutants offered by buoyancy in thermally unstable

street canyons with ground heating (Zhi et al., 2020). However, partial enclosure
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models of the noise barriers along the viaducts mitigated exposure to pollution along
crucial pedestrian zones (Ming et al., 2023). Nevertheless, the noise barriers could
be beneficial in reducing overall pollution concentration in steeper street canyons
(He et al., 2017). Air Quality (AQ) related findings of viaducts are useful for their
design. However, viaducts cannot be considered as potential solutions to improve
ventilation in a street canyon given their scale of investment and implementation
and their structural rigidity restricts them with no scope for adjustment to changes
in the environment. Finally, advertisement boards of different configurations includ-
ing vertical, lateral, single and double layers in aligned and staggered arrangements
with pollution sources along primary and secondary streets were shown to decelerate
3D helical wind flows in city-type environments (Lin et al., 2019). The advertise-
ment boards along with decelerating the flow, induced an upward rise of the flow
restricting the downward curling flow and dispersion into the secondary streets and
therefore invariably increasing the pollution exposure along the building facades
for primary street pollution source and an enhanced decay into downwind facades
for secondary street pollution source models respectively. Although urban features
such as advertisement boards can significantly impact pollution dispersion, they are
primarily designed and installed to attract maximum visibility. This again restricts
them from being used as a dynamic solution to continuously changing environmental

conditions.

2.3.6 Low Boundary Walls & Parked Cars

Low boundary walls were introduced to distance the source (traffic vehicles)
and receptors (pedestrians on footpaths) in street canyon environments. McNabola
et al. (2008) highlighted the benefit of including a low boundary wall between the
road along the Liffey River, Dublin, and the boardwalk adjoining it. The low
boundary wall invariably reduced the concentrations along the boardwalk for vary-
ing wind flow directions. McNabola et al. (2009) studied the effect of central and
footpath low boundary walls on street canyon pollution dispersion for sources on
the road’s left and right side lanes. The study found the central low boundary walls
to effectively reduce about 75% and 40% of concentrations along the leeward and
windward pedestrian footpaths. The central and footpath low boundary walls were
also evaluated for a range of different building asymmetries (H;/H). The cen-
tral low boundary walls facilitating two counter-rotating primary vortices generally

performed better than the footpath low boundary walls (Gallagher et al., 2012).
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However, both the low boundary wall models realized more pronounced concentra-
tion reductions along the pedestrian footpaths for higher degrees of asymmetry with
step-up street canyon configuration (Gallagher et al., 2012). Gallagher et al. (2011)
in an optimization study evaluated the car park models to realize a maximum bene-
fit of about 32% along both leeward and windward facades with parallel parking as
compared to oblique and perpendicular parking which detrimentally increased the
concentrations along the footpaths. The study also evaluated the effect of occupancy
rates and reported a monotonic improvement in pollution reduction along footpaths
for an increase in occupancy rates over 50%. In a study to numerically evaluate the
practical advantage of including low boundary walls in a real street environment,
Gallagher et al. (2013) evaluated the benefit of incorporating low boundary walls
and parked cars separately and together in Pearse Street, Dublin geometry model.
The study found that the combined influence of the interventions and parked cars
alone showed superior performance compared to including footpath low boundary
walls alone. The study also mentioned that including parked cars alone reduced
footpath concentrations for varying wind directions which the combined interven-
tion did not. The effect of parked cars on the decay rate of pollutants from the
street canyons was evaluated using an LES study (Gallagher and Lago, 2019) by
calculating the time required to reduce 10% of steady-state concentrations. Reduced
decay rates on the leeward side compared to the windward side and for parallel wind
flows compared to perpendicular wind flows were reported in the study. The study
also highlighted the influence of detailing of the parked cars on the decay rates as
the detailed car geometry models included a change in cross-sectional area and the
ability to develop secondary vortices that in turn altered the local turbulence and
dispersion. The study showed the tendency to overestimate the benefit of utiliz-
ing parked cars with simpler geometrical detailing as the more involved geometry
facilitated decay rates that were only about half as much as that of the simpler
geometry. Studies have also analyzed the combined effect of parked cars and vege-
tation. Analyzing the effect of continuous and discontinuous vegetation cover with
varying porosity in tandem with parked cars under varying wind directions, Abhi-
jith and Gokhale (2015) reported a comprised ventilation upon including vegetation
as it decelerated the flow within the street canyons. The ventilation of the street
canyons in the study increased with reduced tree-stand density and tree dimensions
and increased vegetation porosity. Despite the benefits realized from low boundary
walls and parked cars to improve pedestrian ventilation, their potential downside

arises from the exclusive focus only on the same. As the surface-level interventions
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have limited capability in maneuvering the flow entering the street canyons and
therefore the mixing between polluted air contained within the street canyons and
ambient cleaner winds, it is reasonable to expect that they could have potentially
polluted other elements of the street canyons including the building facades and
traffic zones. This idea of therefore relieving pedestrians from pollution exposure
at the expense of vehicle commuters and inhabitants of near-road buildings results
in ethical concerns from a public health perspective. Finally, as with other passive
interventions in general, LBWs are also static interventions making them inflexible
to adapt to changes in traffic and environmental conditions. Furthermore, it is a
surface-based intervention technique a flexible LBW solution is rather impractical

as it could potentially affect mobility.

2.3.7 Noise Barriers

Noise barriers are usually installed on highways to limit sound transmission
from high-speed traffic. Noise barriers have also been identified further to separate
air pollution sources and receptors downwind of them. They have been studied
in both the highway and urban-environment contexts for their efficacy in different
forms of installations and under wind, thermal and traffic conditions. Ahangar et
al. (2017) investigated a highway model with crosswinds including barriers upwind,
downwind, and in both locations to concur to the vertical dispersion and initial
mixing promoted by the barrier and the recirculation zone behind the barrier that
sweeps the emissions back to the wall. The schematic Figure 2.4 represents the
upstream barrier used by Ahangar et al. (2017). Interestingly, a certain downwind
distance of H (height of the barrier) from the highway, the upwind and downwind
barriers were reported to reduce concentration by 72% compared to a no-barrier
case, while the case including barriers in both the locations was reported to reduce
concentrations by 78%. Despite the synonymous performance, studies in general
have focused only on downstream barriers for highways. However, noise barriers
as an urban air pollution control measure are limited as they would potentially
hinder roadway mobility, thus making them an impractical solution. Pournazeri
and Princevac (2015) reported the promotion of vertical mixing with increasing
height of the barrier and enhancement and deterioration of downwind and on-road
AQ respectively with sunken road configuration. Gong and Wang (2018) studied
the side edge effects of the barriers with different heights under various thermal

stability conditions. At a distance of 10m behind the barrier, the 1m high barrier
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wall resembled the closest to a Gaussian distribution of pollution along the length
of the barrier while no other taller barriers resembled so. Whereas, at 100m from
the barriers, all the barriers facilitated pollution distribution which resembled a
Gaussian spread. Wang and Wang (2019) evaluated different ARs of the " T-shape”
barrier and reported the influence to be profound only 10H distance from the same.
On the other hand Venkatram et al. (2021) reported through experimental studies
that the effect of vertical mixing could be realized up to a distance of 10H from
the barrier and possibly beyond. Through a combination of source and barrier
arrangements, Venkatram et al. (2021) highlighted the strong presence of lateral
winds around the edges of the barriers for crosswind flow cases. Studies have also
incorporated vegetation as a barrier, by themselves and combined with other solid
fences. The performance of the barriers has been found to largely depend on the
local meteorology and porosity of vegetation respectively. Also, PM of different size
ranges were seen to behave differently based on their ability to traverse through the
vegetation or get deposited on them and be dispersed downstream by the wind. In
a field study, taller and dense vegetation barriers were found to be more effective
under lower wind speeds while a combination of barriers including the vegetation
(Ranasinghe et al., 2019). Solid fences were found more effective under increased
wind speed scenarios to mitigate high downstream concentrations in comparison
(Ranasinghe et al., 2019). Ghasemian et al. (2017) concurred with the promotion
of vertical mixing offered by the solid barriers and reported that vegetation with
denser composition tended to behave similarly to solid fences by facilitating stronger
recirculation closer to them. While Leaf Area Density (LAD) of 3.33 reduced only
10% an equivalent solid barrier facilitated 58% reduction in the downstream location
of interest. Vegetation with high porosity was reported to deteriorate the downwind
concentrations in the study. On the contrary, an LES study revealed that combining
a less dense vegetation with a solid barrier could be as effective as combining a highly
dense vegetation with a solid barrier (Hashad et al., 2020). The study also reported
a better improvement in concentration reduction for smaller particles. Tong et al.
(2016) highlighted a higher PM deposition, especially for particulates < 50nm and
a subsequent reduced and increased downstream and on-road concentrations with
increasing width of the vegetation cover. Hao et al. (2019) studied the combined
effect of viaducts, noise barriers, and asymmetry of the canyons. Although the
viaducts added more pollution to the street canyons, the noise barriers mitigated
them. Also, in a field study conducted by Li et al. (2021) a combination of noise

barriers and viaducts were found to be more efficient in mitigating exposure to black
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Figure 2.4: Figure showing crosswinds across highways with upstream barrier
(Ahangar et al., 2017).

carbon, ultrafine particles and P M, 5 respectively. Step-up canyons with increasing
asymmetry witnessed a deterioration of air quality along the windward and leeward
facades and at pedestrian breathing height. While a mild step-down assisted in
flushing the contaminants out of the canyon, increased asymmetry introduced an
unfavorable recirculation vortex at the roof of the canyon ventilation and made it
the least ventilated combination (Hao et al., 2019). Collins et al. (2022) introduced
barriers in street canyons on the windward and leeward sides to realize a general
benefit of pollution mitigation along the building facades and a further enhanced
benefit while baffles plates were incorporated in the barriers. In a study where
the effect of noise barriers and viaducts was analyzed in deep street canyons (ARs
ranging from 1 to 6), the effect of viaducts on the flow and dispersion were seen to
reduce for increasing ARs as the wind velocities in the vicinity of the same reduced
for deeper canyons (He et al., 2017). The study also reported having two sources of
pollution (viaduct and ground) always increased the exposure compared to having
only one.

Finally, in regards to thermal stability, Gong and Wang (2018) reported that lower
concentrations were achieved with unstable conditions as stronger turbulent mixing
in the flow aided in recovering the velocity in the flow separation region, hence
promoting better dispersion. However, in the study to evaluate the performance
of the barriers for both changing flow and thermal conditions the Concentrations
Reduction Rates (CRR) were higher in more stable thermal conditions than in
unstable thermal conditions (Reiminger et al., 2020). The study also reported higher

CRR for oblique cases than for perpendicular wind flow cases.
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2.3.8 Wind Catchers

Li et al. (2020) investigated the influence of wind catchers on five different
asymmetric canyons under tidal traffic flow conditions in a city-type environment
as shown in Figure 2.5. Personal intake fraction (/F},) of CO gas in the near-road
building facades was used as the performance indicator in the study. Wind catch-
ers almost completely removed CO exposure along the leeward facade for shallow
and regular canyons. While the wind catchers resulted in a minimum CO exposure
reduction along the leeward facades by 30%), the impact along the windward facade

was found to be modest. Ming et al. (2021) investigated the response of wind catch-

Swallow street canyon Regular street canyon Deep street canyon
H,/W=H,/W=0.5 H,/W=H,/W=1 H,/W=H,/W=2

Step-up street canyon Step-down street canyon Regular street canyon with
H,/W=1 & Hy/W=2 H,/W=2 & H,/W=1 wind catchers designs

Figure 2.5: Figure showing asymmetric street canyons considered in Li et al., 2020
and inclusion of wind catchers.

ers for varying wind speeds for different asymmetric 2D urban street canyons. The
study also correlated the average street canyon CO concentrations with the Sher-
wood number (Sh). The basis of Sherwood number stems from field synergy theory.
In brief, the field synergy theory is an indicator of the synergy between the velocity
and concentration gradient vectors in the street canyon. Therefore, larger field syn-
ergy means a reduced pollution concentration in the street canyon. The field synergy
theory is detailed elaborately in Chapter 5. Ming et al. (2021) recorded that the Sh
increased 4 times in a step-down canyon (H;/Hs = 2). As observed in the studies
on asymmetries in street canyons, the steeper canyons experience vertically aligned
vortices that result in a complex trajectory for the pollutants to escape. Zhang et

al. (2019) introduced wind catchers to street canyons of varying ARs including 1, 3
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and 5 and recorded the performance of the wind catchers to be particularly efficient
for scenarios of higher ARs. The study also recorded an increase in the normalized
wind velocities and a reduction in personal intake fraction at the street level by one
or two orders of magnitude respectively. Zhang et al. (2020) analyzed the NO,- Os
photo-chemistry to evaluate the influence of urban configurations and background
O3 concentrations on NO, and O3 dispersion, and reported the potential of wind
catchers to substantially mitigate both reactive and passive NO, within the whole
canyon region. Chew et al. (2017) reported an increased wind availability by 2.5
times at the street level in the target street canyon and slightly reduced ventilation
in the downwind canyons in an ideal 2D street canyon environment. Apart from the
street canyon and outdoor ventilation, wind catchers have been extensively used for
enhancing natural ventilation and thermal comfort in indoor environments (Mon-
tazeri and Montazeri, 2018). From a more practical standpoint, a study by Lauriks
et al. (2021) included Roof-shape modification, employment of wind catchers, and
electrostatic precipitation units were used as the mitigation strategies to reduce
pollution in hotspots in a real street environment in Antwerp, Belgium, and wind
catchers facilitated as much as 37% concentration reductions. In another practical
study by Gaber et al. (2020), the impact of wind catchers in a real street envi-
ronment of Alexandria, Egypt was analyzed and the wind catchers were reported
to be efficient in channelizing the atmospheric flow into the target street and also
increasing near-surface air speed by increasing skin convective heat transfer.

The opportunity to deploy them flexibly for changing environmental conditions has
not been explored. Despite the wind catchers’ potential to ventilate street canyons
in their entirety, the rigid installation models could leave them with the same risk of
working detrimentally under environmental conditions that they were not designed
for like any other passive intervention. Also, it is worth noting that studies have
primarily focused on the performance of wind catchers under orthogonal winds and
that oblique wind scenarios have not been considered in detail. Lastly, the wind
catchers have been studied using a regular thin plate model or an inverted ”L.” shape

model and other potential shapes have not been explored.

2.4 Urban Ventilation Indices and Applications

Significant research has also been conducted on the development of theo-
retical ventilation indices for the outdoor environment of cities. These ventilation

indices are defined based on the ability of the urban area to dilute pollutants, heat
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and moisture by exchanging above-roof ambient winds and air contained within
the volume of street canyons. The common considerations in deducing these pa-
rameters are that the ambient winds are relatively clean and that they promote
cleaner air entering into the street canyons (inhale effect) and remove pollutants
from the street canyons (exhale effect). Although this establishes a parallel with
indoor ventilation where significant inspiration for modeling ventilation indices for
street canyons arose from, outdoor ventilation differs by including open boundaries
of the ‘ventilated spaces’ in question. Ventilation indices are important as they
allow for the design of urban spaces to promote greater ventilation and hence lower
pollution concentration. They also enable us to gain insight into the fundamental
mechanisms behind the success or failure of passive air pollution control measures
such as those in question in this thesis. Ventilation indices that have been employed
to quantify the pollution dilution capacity of the urban environment include the

following.

1. Volumetric flow rate: The volumetric flow rate through a canyon opening

is defined as follows in Equation 2.1.
Q= / V. A (2.1)
A

Here A is the interface area between the canyon and ambient winds, 7 is the
velocity vector of the flow at the interface and 7 is the outward-facing unit
normal vector of the interface surface. Often normalized flow rates (Q* =
@/ Q) are considered across canyon openings where (), is the flow rate far
upstream. The volumetric air change rate (ACH,y) per hour is defined as

follows in Equation 2.2.

(2.2)

Here, Vol is the volume of the canyon. Hang et al. (2009a) defined air ex-
change efficiency as the ratio of turnaround time and mean residence time
of pollutants in the canyon. Hang et al. (2009a) also studied the round and
square city forms with one and two streets for both models and a long rectan-
gular city form. The air exchange efficiency captured the low concentrations
developed due to the flush out of pollutants in the long rectangular city model
to represent a similar extent of ventilation experienced by the former two city

forms. Hang et al. (2009b) reported a difference in the @Q* between the round
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and square city forms due to the difference in the wake developed by differ-
ent city shapes. Hang et al. (2009b) also reported that as the winds were
more oblique to the street openings for round city forms with two openings,
the magnitude of QQ* across street openings facilitating washout of pollutants
monotonically reduced for the main street and the air exchange through the
fluctuations and mean flow induced fluxes monotonically increased across the
roof surface. For short streets under parallel wind flow, a smooth round city
form offered the least concentration within the street as it facilitated minimal
Q) loss along the street compared to sharp-edged and square city forms respec-
tively. The latter two forms offered relatively more air exits through the roofs,
prohibiting streamwise washout and thus resulting in higher street concentra-
tions. Although the contribution of @Q* through turbulent and mean flows
increased with increasing lengths of the streets in both upward and downward
directions for neighborhood scales (47.4W and 79W) similarly under parallel
winds, for the city scale cases (333W and 667W) the contributions from the
mean flows and fluctuations plateaued and increased in the order of the length
of the street respectively Hang et al., 2010). In an analysis of 2 x 2 and 4 x 4
building configurations, Hang et al. (2013) observed substantial reduction and
nullification of *,,,, through both mean and turbulent contributions for par-
tial and complete roof enclosure models respectively. The 2 x 2 and 4 x 4
showcased relatively more deterioration under relatively more parallel winds
(0° and 15° wind cases) as opposed to more oblique winds (30° and 45° wind
cases). For more complex city-type environments, Hang et al. (2010) observed
that variations in building heights, especially including high-rise buildings,
vertical flow rates through the roofs and leeward entries in the secondary
streets and compromised the same through the primary streets as more wind
concentrated toward taller structures. Moreover, multiple studies have high-
lighted the presence of initial flow adjustment in city-type environments where
a substantial loss of Q* occurs before stabilizing to reach a developed state and
that the deterioration of overall ventilation increases with increasing canopy
length (Hang and Li, 2011; Hang et al., 2010; Lin et al., 2014).

. Air exchange rates (ACH): ACH indicates the removal of air from the
street canyons through open surfaces where the above-roof and in-canyon can
mix. These open surfaces can be imagined for example as the interfaces be-

tween the roof-level and street-level air (horizontally), or at the ends of the
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street (vertically). For a 2D street canyon as shown in Figure 2.6, Cheng et al.

(2008) introduced air exchange as in Equation 2.3

Free-Stream Flow
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Figure 2.6: a) Schematic figure representing ACH™ and ACH ™ at the roof level in
a 2D street canyon (Cheng et al., 2008).

ACH = l/)\/ wy dxdt (2.3)
AJo Iy
Here, w is the vertical velocity component in the wall-normal direction, I';0f is
the roof surface of the 2D canyon, A is the average time period and + represents
only the upward velocity component (w > 0). ACH is contributed by both
mean flow and turbulent fluctuations and hence was evaluated as in Equation
24

ACHyoy = ACHpeqn + ACH e (2.4)

For steady-state modeling, AC' H,, .., could be expressed as in Equation 2.5.
Although, ACH, .. and ACH,, .. counterbalance each other, an increased
ACH?

o an Indicates a higher mixing rate in a unit time period.

A

ACH ean = / / wy dxdt (2.5)
0 F'roof

However, street canyon ventilation is largely controlled by turbulent fluctua-

tions and is responsible for a majority of pollution removal from the canyons.

Liu et al. (2015) while investigating eight different types of building models

for the target street canyon, AC H f;,. exhibited a linear correlation with fric-
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tion factor (ratio of drag to the half of dynamic pressure) with a correlation
coefficient greater than 0.9. A similar correlation (AC'H fy,. < f1/2) with corre-
lation co-efficient over 0.9 was recorded by Ho et al. (2015) in an investigation
on the effect of ARs and Urban Boundary Layer (UBL) depths on aerody-
namic resistance and ventilation performance. Ho et al. (2015) also observed
a substantial portion as much as 70% of total ACH contributed by ACH sy
A similar observation was also made by Hang and Li (2010) in an evaluative
study to compare the air exchanges in uniform medium and high-rise buildings
and buildings with height variations. For taller buildings, a greater wind influx
along the windward facade was achieved but the medium-rise buildings in par-
ticular experienced greater proportions of air exchange through air exchange
via street canyon roofs and interfaces connecting streets that are parallel and
perpendicular to the winds via turbulent fluctuations as opposed to via mean
flows. Based on the Eddy-viscosity hypothesis, AC'H s, was expressed as in
Equation 2.6. Llaguno-Munitxa and Bou-Zeid (2018) introduced a folded nor-
mal distribution to calculate ACH from RANS by considering mean vertical
velocity |w| and vertical turbulence statistics o,, based on Gaussian distribu-
tion. Llaguno-Munitxa and Bou-Zeid (2018) recorded a good agreement (with
a maximum error of 4%) between ACH obtained from LES and ACH obtained
from the folded normal formulation from RANS for different building shapes.

1 ow k
ACH e = ——(— —dx dxdt 2.
CHy /F \/ 2Vt(az)+ g e dz (2.6)

roof

However, before the proposition of AC’HJJfluC using the Eddy- viscosity for-
mulation by Cheng et al. (2008), Li et al. (2005) had considered isotropy in

turbulence and hence as in Equations 2.7-2.9.

k= (uu + v +ww)/2 = 3w'w'/2 (2.7)
——1/2 2
ww ’roof = §K|roofdrroof (28)
ACH e = — / ElyonsdT (2.9)
fluc \/6 - roof Wl roof .

roof
It is worth noting that although the eddy-viscosity-based formulation of ACH
is more detailed than the isotropic turbulence-based ACH formulation using
RNG k — € turbulence model (Li et al., 2005) compared well against the LES
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predictions simulations by Liu et al. (2005). ACH across the roof modestly
deviated from the LES predictions by 5.23%, 16.9% and 17.5% for ARs of
0.5, 1 and 2 respectively. This agreement was certainly good for practical
considerations since LES simulations demanded greater computational times
of one to two orders of magnitude.

ACH by definition does not deal with the pollution transport into and out of
the street canyons. Since it predominantly captures the flow physics at the roof
level, ACH sometimes does not indicate the influence of passive interventions
at the street level. Mirzaei and Haghighat (2011) witnessed similar ACH rates
for different Pedestrian Ventilation System (PVS) strategies for different ARs
and thermal stratification conditions. Nazarian and Kleissl (2016) evaluated
ACH variation due to thermal effects in a realistic urban environment by
considering diurnal changes with solar heating. Nazarian and Kleissl (2016)
also observed a majority contribution in ACH by turbulent fluctuations and
an increased ACH during leeward wall heating as the mechanical and thermal
forcing of the flow complemented each other as opposed to a slightly reduced
increase while the windward wall was heated. The least ACH was recorded for
the noon setting where the heating was applied to the roofs and was removed

from the facades.

3. Pollution exchange rates (PCH): Liu et al. (2005) defined PCH in an LES
study as the product of fluctuating vertical velocity and the instantaneous

resolved-scale pollutant concentration as follows in Equation- 2.10.

PCH() = [ 67 (0] nse(0) oyl (2.10)

In a transient observation of PCH, Liu et al. (2005) reported the imbalance
between PCH and ) was compensated by the entrainment of pollution in the
free stream back into the street canyon. However, Cheng et al. (2008) intro-
duced PCH through the RANS simulation framework as follows in Equation
2.11.

A
PC’H—E/ / we dxdt (2.11)
AJo Jr

roof

Similar to the formulation ACH, both turbulent fluctuations PCH ;. and

mean flow PCH,,.., contribute to the PCH. However, to maintain a steady
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state condition, unlike ACH, PCH* and PCH___ do not counterbalance

mean mean

each other. PCH . and PCH,,eq, could be expressed as in Equations 2.13
and 2.12.

PCHpean = }’{ U,CdA (2.12)
A
Vi dC
PCH e = j{ Zt dA 2.13
fl a Sct(ﬁ) (2.13)

At steady-state conditions, the total pollutant removal through turbulent and
mean fluxes from a canyon will always equal Q. For the convenience of illus-
trating the hypothesis considered (discussed in section 2.5) in this thesis, an

additional parameter 6 is defined as follows in Equation 2.14

POHmean

0 —
PCHmean + PCHfluc

(2.14)

Under varying conditions of unstable stratification, both ACH,,cqp, and ACH gy
increased with decreasing Richardson Number (Ri). However, PC'H,,cqn and
PCHyy, increased and decreased respectively for the same, such that the
PCH,eqn dominated the pollution removal at lower Ri (Cheng et al., 2009).
Decreasing Ri also reduced the residence time of the pollutants in the street
canyon (Cheng et al., 2009). Mirzaei and Haghighat (2011) also concurred
that buoyancy contributed to enhanced pollution removal in steep canyons
by strengthening the secondary vortices. Mirzaei and Haghighat (2011) also
observed deteriorated pollution removal from stable stratification facilitated
by cooling the ground. Hang et al. (2009¢) observed that pollution removal
contribution through the roofs under parallel wind conditions was negligible
for shorter streets and that for longer streets, PC H,,cqn and PCH g, were

detrimental and supportive respectively.

. Air delay 7,: Air delay is defined as the time difference between the local
mean air age when an urban feature is included and when it is not included
as described in Equation 2.15 (Antoniou et al., 2017).

Td = Tp = Tempty (215)

Here, 7, is the local mean age of the air when a specific geometric feature is
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included and Teppy, is the local mean age of the air when the feature is not

included.

5. Purging flow rate (PFR): The purging capacity of a flow represents the
total flow rate through mean and turbulence available for completely purg-
ing all the pollutants out of a control volume. PFRs have been applied to
street canyons and subdomains including pedestrian zones (Peng et al., 2020).
The PFR of a street canyon domain is expressed and evaluated as follows in
Equation -2.16 _

prr— 2>V (2.16)

canyon

Here, Q, Ccanyon and V are the source rate of the emission, the average concen-
tration in the canyon and the volume of the canyon respectively. Alternately.
for pedestrian zone PFR, the same formulation can be applied with an aver-
age concentration in the pedestrian zone (C.q) and volume of the pedestrian
zone (Vpeq). PFR and ventilation in general improve with larger and shorter
street widths and building heights respectively in simple two-building models
(Bady et al., 2008). For complex multi-building environments, Bady et al.
(2008) reported that except for the canyons formed between two buildings in
an aligned arrangement, all other regions showcased better PFR and lower
concentration under parallel flow conditions, while the staggered building ar-
rangement outperformed the aligned building model under oblique wind flow
conditions with improved PFR in all the areas of assessment as it avoided the
circulatory vortices that aligned building model result in. On the contrary, the
overall UCL ventilation of an aligned square urban form was observed to be
better than that of the staggered form under both parallel and oblique winds
(Lin et al., 2014). PFR was used to quantify the extent of ventilation offered
by PCHeqn and PC H . in an environment with building height variations
(Hang et al., 2012) and configurations including larger variations were ob-
served to offer higher pedestrian PFR and pedestrian exposure to pollution
with more pronounced contributions from the roofs as opposed to lateral en-
tries in uniform configurations. A normalized PFR (PFR*) as in Equation
2.17 was used to quantify the differences in the reduced PFR values in scaled-
down models of ventilation offered by over-hang walls at different heights from

the roof including different coverage ratios for 2 x 2 and 4 x 4 building
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environment under oblique winds (Hang et al., 2013).

PFR

PFR = ——
Qoo

(2.17)
Where @) is the volume flow of ambient air entering through the windward
street opening. Finally, the length of buildings, lateral widths between build-
ing units and street widths largely impact the PFR. You et al. (2017a) reported
that middle regions of building units suffered from low PFR with increasing
lengths of the buildings and the sides of the same started benefiting from in-
creased lateral widths between the buildings under perpendicular wind flow

conditions.

. Visitation frequency (VF): VF is another index of the age of the air from
the perspective of the number of visits a pollutant parcel makes to a control
domain before exiting for good. The VF can be evaluated using the particle
tracking method in the LES formulation or the passive pollution flux method
in the RANS formulation as follows in Equation 2.18 (Bady et al., 2008).

uc + u'cd

VE=14resva

(2.18)
Here uc and v/’ represent the contributions from the mean and turbulence
fluxes. VF holds an inverse relationship with ACH and PFR and therefore
Bady et al. (2008) reported reduced and increased VF for increasingly widened
gaps and building heights in the simple two-building system. On the same
lines, Bady et al. (2008) observed a higher VF for aligned building configu-
rations for parallel winds compared to oblique winds for a system including
an array of buildings. As observed in You et al. (2017a) where the middle
regions of long building units under perpendicular winds were experiencing
lower PFR, You et al. (2017b) in a study to evaluate the aligned and stag-
gered building arrangements confirmed the risk of middle portions of long

buildings units experiencing high VF.

. Net Escape Velocity (NEV): As the PFR was inherently dependent on
the control volume for assessment, Lim et al. (2013) introduced NEV as a

representative velocity of the PFR per unit area as follows in Equation 2.19.

PFR

(2.19)
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Where A is the area of the sides enclosing the control volume considered and
U is the free stream velocity of ambient air at boundary layer height. Hang
et al. (2018) evaluated various widths of semi-open roof settings for rectangle
and square building forms under varying ambient wind directions. Although
the NEQ for overall UCL and pedestrian region deteriorated compared to the
reference open roof case with increasing widths of the semi-open roof setting,
the reduction substantially reduced for increasingly oblique ambient winds for
square and rectangular building forms. The study also reported an increased
NEQ for UCL and pedestrian regions with increasingly oblique winds (Hang
et al., 2018). Chen et al. (2017) defined in-canopy and exchange velocities that
represented horizontal and vertical ventilation and observed that deterioration
of the ventilation along the former was more striking than the latter for in-
creasing building packing density in city-type environments. Results by Hang
et al. (2010) also concurred with the same as flow rates and air exchanges
decelerated quicker for high building density packing compared to medium
building packing density environments. The square-form environments facil-
itate improved overall UCL ventilation over rectangular form under parallel
incoming winds and vice-versa for oblique winds indicating the deterioration
of overall ventilation with longer UCL (Lin et al., 2014) added evidence to the

Samme.

8. Age of the air 7,: Cheng et al. (2008) defined the average retention times

of pollutants in a street canyon as follows in Equation- 2.20.

= JI[UOI ngdydz (220)

The older age of air represents poor ventilation and the younger one represents
new air parcels being constantly replenished in the given control volume by the
flow, leading to good ventilation. It is worth noting that this formulation requires
a uniform source of pollution from the entire control volume where the age of the
air is evaluated. Although the age of the air increased with increasing building
packing density (Buccolieri et al., 2010). The hotspots of older air were found
to vary for lower and higher packing density environments, as the higher and lower
packing density environments witnessed a steady plateau in the downstream regions
of the environments and a steady increase under perpendicular wind conditions. The

adjustment length of configurations with higher building packing density tends to
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be lower than in low building packing density environments (Chen et al., 2017).
Buccolieri et al. (2010) also recommended emission guidelines in cities with varying
mean air age based on packing density and breathing rate to regulate personal
exposure to pollutants. In line with the observations made for NEQ, Hang et al.
(2018) and Hang et al. (2013) observed that the increasing widths of the semi-open
roof setting and covering the roofs aged the air in the overall UCL and that with
increasingly oblique winds, the proportion increase in the age of the air compared
to the reference open roof configuration reduced substantially. On the other hand,
although the larger urban environments (4 x 4 buildings) with the same building
packing density experienced greater ventilation due to naturally more exposure to
ambient winds, they could be as much as 40-250% older than their counterpart small
urban environments (2 x 2 buildings) (Hang et al., 2013). However, the impact of
the wind direction on the age of the urban air is largely dependent on the shape of
the urban form as Huang et al. (2009) observed an older air age in the street if the

urban form was circular as opposed to square form under oblique winds.

2.5 Gaps in literature

The two specific gaps were observed in the literature; one from an application

standpoint and another from a theoretical one.

1. Application-based gap:

(a) Wind catchers have largely been investigated in a static setup. This pro-
hibits them from adjusting to changes in the environment and thereby
creates the risk of them resulting in detrimental impacts under conditions
they are not designed for. The opportunity to deploy them adaptively so
that they can be adjusted to different configurations based on environ-

mental conditions remains to be unexplored.

(b) Passive interventions have largely been evaluated for sensitivity to envi-
ronmental variables including wind speeds, wind directions, and traffic
flow in exclusivity. However, in reality, environmental variables vary
in tandem and therefore it is essential to develop response mechanisms
with passive interventions that incorporate the combined impact of their

changes.

(c) Flat plate design has been largely considered for the design of wind catch-
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ers. Although this design could effectively obstruct the wind flow along
its normal direction, its efficacy for winds along other directions is either
expected to get attenuated to be modest (for oblique winds) or negligi-
ble (parallel to its surface). However, the concept of multi-directional
wind deflectors that could promote mixing between the above roof and

in-canyon air for all ambient wind directions has not been explored.
2. Theory-based gap:

(a) Previous research has introduced several representative outdoor ventila-
tion indices to illustrate the extent of ventilation. However, only limited
investigations have been made on the mechanisms of pollution removal.
Cheng et al. (2009) analyzed the direct correlation between 6 and 6canyon
and Ming et al. (2021), Ming et al. (2023) analyzed the relationship be-
tween Sh and 6c(my(m. The former demonstrates the improvement in
ﬁcanyon through enhanced PCH,,eq, and suppression of PC'H fy,,., while
the latter demonstrated an improvement in Ucanyon through enhanced
and suppressed removal of pollutants through convective and diffusive
fluxes. Therefore, as the theoretical basis of the performance of passive
interventions is rooted in differing fundamental aspects of the flows, it is
crucial to identify the appropriate underlying theories that represent the

pollution removal process by wind deflectors well.
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CFD Methodology

3.1 Research Overview

As mentioned in the gaps in the literature, the current study is focused
towards addressing both technical and application oriented questions. The fun-
damental technical pursuits in the study is verification of the inverse correlation
hypothesis and understanding the implications of including wind flow deflectors
from the perspective of Field Synergy Theory. The application side includes the
dynamic deployment of the wind deflectors in street canyons. A logical progression
of complexities were incorporated for the same by starting with simple 2D environ-
ments and then extending it to ideal and asymmetric city type environments with
changing traffic flow directions to finally considering simultaneous diurnal changes
in wind and traffic flow directions in city-type environments. Lastly, the best ap-
proaches from these studies were utilized to design a multi-direction wind deflector
for an ideal and real isolated street canyon environment. This study relies on the
use of CFD modelling for the development and assessment of the above concept due
to the power nature of the software over experimental and field methods for early
stage research. The simulations were performed using ANSYS-Fluent software. The

outline of the research overview is presented in a flowchart model in Figure 3.1.
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ADJUSTABLE WIND FLOW DEFLECTORS
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Pollution Removal Evaluate Efficacy for Simple 2D
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Multi-directional Wind Deflectors for Ideal and Real Isolated Street Canyons

Figure 3.1: Flowchart highlighting the research overview adopted in this study
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3.2 Computational Fluid Dynamics

3.2.1 Governing Equations and Closure Problem

In a turbulent flow, instantaneous flow field values including velocity and
pressure are always changing in time and hence are expressed as combination of

mean and fluctuating components as in Equation 3.1.

$=0+¢ (3.1)

The flow fields are substituted with mean and fluctuating components as in Equation
3.1 and time averaged to result in the mass conservation based continuity and the

momentum conservation based Navier-Stokes equations as in Equations 3.2 and 3.3.

ou;
=0 3.2
. (32)
ou; 1 9p R
T— = —= — — uuy’) +5; 3.3
1 0z p Ox; * axj(yazvj w'y’) + (3:3)
W—/ \—v—/ [\ - ,
convective pressure-gradient diffusive

In Equations 3.2 and 3.3, the velocity field w; is solved for, P is mean pressure
and S; denotes body forces acting on the fluid in the i*" direction. The diffusion
term in Equation 3.3 including the mean (ug%) and fluctuating velocity (u;/u;’)
components are identified as viscous and turbulent (Reynolds) stresses respectively.
This is called the closure problem where one would have 4 equations (continuity and
Navier Stokes Equations in each of the three directions) and 10 variables (three mean
velocities, mean pressure and six fluctuating velocity components). Turbulence
models are thus necessary to overcome this closure problem. However, turbulence
models vary drastically in their level of resolution and modelling approach, including

the number of closure equations developed to compute.

3.2.2 Turbulence Modelling

Turbulence is the phenomenon that results in random fluctuations in the flow

fields including velocity and pressure due to excessive kinetic energy. As the flows
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transition from laminar to turbulent flows, the viscous and inertial forces become
increasingly less and more dominant respectively. This is characterized by Reynolds
Number (Re), the non-dimensional ratio of inertial and viscous forces, as in Equation

3.4.
~ pUD

1
Where p, i, U and D are the density and dynamic viscosity of the fluid and U and

Re (3.4)

D are the velocity and characteristic length scale of fluid flow. Turbulence results
in eddies of different time and length scales and as the largest eddies are as large
as in the scale characterized by the computational domain and mean flow, they
experience negligible viscous forces. Due to the lack of viscous forces on the large
eddies, the shear in the fluid flow would result in an increased and decreased eddy
rotation and radius respectively (Schlichting, 1979; Versteeg, 2007). This overall
phenomenon is explained by the cascade theory, also shown in Figure 3.4, where
the largest eddies in the computational domain derive their energy from the mean
flows and this energy is passed on to the smallest scale of eddies (Kolmogorov scale

eddies) via medium scale eddies.

E(x)

Figure 3.2: The energy cascade; spectral variation of energy of eddies with eddy
wave-number, k£ ( k o« L™!) (Davidson et al., 2011)

Finally, the isotropic Kolmogorov scale eddies dissipate all the energy it de-
rived from the medium scale eddies as heat via friction (Davidson et al., 2011).
Ideally, one would not need to model turbulence if the eddies of all the scales are
resolved, as in Direct Numerical Simulations (DNS). However, such simulations are
computationally very intensive as due to very detailed spatial and temporal dis-
cretizations required . As the next option, the Large Eddy Simulations (LES) em-

ploys volume filtering techniques to resolve the large and medium-scale eddies and
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model the Kolmogorov scale eddies using sub-grid scale models. However, even the
LES simulations take more than 13 times longer than traditional RANS (Reynolds
Averaged Navier Stokes) turbulence models (Lopes et al., 2024). The RANS turbu-
lence model as a further approximation, models both the medium and Kolmogorov
scale eddies. The RANS model predicts the near-wall velocities in the logarithmic
region of the flow using the law of the wall-based wall functions. As Figure 3.3
shows the different near-wall regions of the fluid flow, the flow could be seen in
independently in the inner and outer regions. The inner region is characterized
by strong wall shear (viscous effects) and minimal to negligible inertial effects (no
Reynolds shear at the wall as &/ = ¢ = w’ = 0) and vice-versa for the outer
region. Therefore, considering only wall shear in the inner region, a linear increase
of velocity from the wall is assumed while as the Reynolds shear forces are constant
in the logarithmic region (with no wall shear), a logarithmic law of the wall-wall
model is applied here (Davidson et al., 2011). Therefore, the y* for these models
necessarily needs to be over 30. There have also been the development of hybrid
models including Scale Adaptive Simulations (SAS), Detached Eddy Simulations
(DES), PANS (Partially Averaged Navier Stokes) as a trade-off for accuracy and
computational times. Lastly, there is a separate class of turbulence model called
the Reynolds Stress Model (RSM) which is a six-equation model where a transport

equation is modeled for all the independent Reynolds stresses.
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Figure 3.3: Near wall regions of fluid flow v/s y™ (Davidson et al., 2011)
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3.2.2.1 k — € Turbulence Models

Although the choice of turbulence model is very reliant on the application
and resource availability, studies involving wind catchers and many other passive
interventions have predominantly used the standard k& — e turbulence model with
the standard wall function (Cao et al., 2023; Lin et al., 2019; Ming et al., 2018;
Ming et al., 2021; Zhang et al., 2011). The Standard k — € turbulence model is
an eddy viscosity model based on Boussinesq’s hypothesis applied to the Reynolds
stress assuming isotropic eddy viscosity as in Equation 3.5.

Ju; n ou;
Ox;  Ox;

) (3.5)

Ui/U,j’ = gk‘(sl] — Vt(

Here, k is the turbulent kinetic energy, pu, is the turbulent eddy viscosity and
d;; is Kronecker’s delta. The turbulent eddy viscosity is defined as in Equation 3.6,
where € is the turbulence dissipation rate.
k’2
He = PCu== (3.6)

Although this approximation mitigates the requirement to solve for the fluc-
tuating velocities, it also introduces two variables to solve, k and €. Nevertheless,
this brings the complexity of the closure problem down from having 10 variables
and four equations to having six variables and four equations. The standard k — €
turbulence model brings closure to the system by modeling transport equations for

k and € as in Equations 3.7 and 3.8.

ok 0., w0k, 1
Uz‘a—xj— 8%[(V+U—k)(8xi)]+zpk—€ (3.7)
de 0 vy, O 1 €2
9z, ~ om [(VJFU—E)(a%)]ﬂL;ClePk—C%E (3.8)

Py is the production source term. o, = 1, Ci. = 1.44, C5 = 1.92 and 0. = 1.3 are

model constants. The production source term was modeled as in Equation 3.9.

Py, = uS? (3.9)
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Where S;; is the strain rate tensor. Although ReNormalaized Group (RNG) and
Realizable k — € models are improved k& — ¢ models the Standard k& — e turbulence
model was predominantly used in this study due to its superior performance in
predicting flow fields in sheltered regions involving very low velocities (Lin et al.,
2019), such as in street canyon configurations. The Realizable k — € differs from the
Standard k& — € model in only two aspects. First includes a variable ¢, formula as
opposed to a constant ¢, for the Standard and RNG k — ¢ models and the second
pertains the model equation for € where the effects of mean rotation on the turbulent
viscosity is included. This would result in the following two changes as in Equations

3.10 and 3.11 respectively compared to the Standard k — e model.

Ui

— maz]0.43, —1— 3.10
¢ = max| 77+5] ( )
k
n=S- (3.11)
€

On the other hand, the RNG k — € model differs from the Standard k£ — ¢ model
through the constant ¢y, to capture the smaller length scales of the low Re flows as

in Equation 3.12.

e (1 —n/no)
14 pn3

Cye = Coe + (3.12)

3.2.3 Species Transport Model

In addition to the six equations and six variables, the species transport model
introduces another transport equation for calculating the dispersion of the pollutant

gas as in Equation 3.13.

oC 0 oC
UWi—=—(Dp+Dy)—)+ S5 3.13
T = 5 (Pn + DG+ (313
The model tracks the concentration of the pollutant gas by solving for the volume
fractions all the mixture gases thus resulting in n-1 species transport equations for
n gases in the system. Ansys-Fluent allows the definition of pollution gases through

several techniques including fixed source and regular source from a specific region in

the computational domain. A 3-D space is identified as the pollution source region
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where constant mass flow rate per unit volume of the pollution gas is prescribed
to have a volumetric source. As Ansys- Fluent solves for n-1 transport equation,
a common transport equation is solved for the diffusion of the pollution gas in air
using volume fractions. Therefore, the cell properties including density, material
viscosity and thermal conductivity were prescribed to be estimated by the solver
using volume weighted averages. Finally binary diffusion coefficient of air and the

pollution gas specific to the temperature was defined to characterize the diffusivity.

3.2.4 Other Aspects of CFD Solving

This work comprised steady-state isothermal models of neutrally stratified
ABL flow in simple 2D urban environments, 3D isolated street canyons and com-
plex 3D city-type environments. All of the transport equations in the models were
solved using second-order discretization schemes. The solutions converged when
the residual errors of all the transport equations reached below le — 6 and the
species transport equation below le — 8. Additionally, concentration and velocity
monitors were included in critical locations of the computational domain to verify
whether the flow achieved steady state. Finally, the SIMPLE solver was used for

the pressure-velocity coupling algorithm.

3.3 Validation studies

Experimental studies conducted by Brown et al. (measurement details ob-
tained from Lien and Yee (2004)) at the US Environmental Protection Agency’s
(EPA) Fluid Modelling Facility (FMC) to measure flow fields in a city-type envi-
ronment was used as the physical basis for the validation of CFD models used in
this study, including flow field including velocity components and TKE. The studies
conducted at the ABL wind tunnel of the Meteorological Institute of Hamburg by
Meroney et al. (1996) to evaluate ethane gas dispersion and at the Laboratory of
Building- and Environmental Aerodynamics of the Institute for Hydromechanics at
the Karlsruhe Institute of Technology (CODASC- COncentration DAta of Street
Canyons) to evaluate the SFy gas dispersion, were used as the physical basis for
model validation of pollution dispersion in street canyons for the 2D and 3D models

developed, respectively.
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3.3.1 Validation of Flow Measurements

3.3.1.1 Experimental Setup

The experiments conducted by Brown et al. (Lien and Yee, 2004) included
77 cubical structures with an edge length of 0.15m in 7 rows and 11 columns for
the city-type environment as shown in Figure 3.4a. With a frontal area index of
0.25, the city-type environment completely covered the spanwise width of the wind
tunnel. The test section of the FMC was 18.3m long, 3.7m wide and the adjustable
height was fixed at 2.1m. The neutral Atmospheric Boundary Layer (ABL) profile
from the orthogonal approaching wind was characterized by a reference streamwise
velocity of uy = 3m/s, power law coefficient of « = 0.16, friction velocity of
u, = 0.24m/s, and thickness § = 1.8m. The building Reynolds Number of the
flow, Re, 30000, is greater than the critical building Reynolds number, Re.. =
4000 (Snyder, 1972). The flow is therefore Reynolds-independent and scalable. The
velocity components were measured using Pulsed Wired Anemometers (PWA) at a
pulsing rate of 10Hz over an averaging time of 120s in each measurement location.
Flow field measurements including mean velocity, turbulence velocity variance and

turbulent kinetic energy were conducted to ascertain 81 vertical profiles in the study.

3.3.1.2 Numerical model

The mesh independence and model validation study of Brown et al. (Lien
and Yee, 2004) were conducted for the full-street scale (H = 30m). Figure 3.4b
shows the boundary conditions included in the ”half-symmetry” model. The ”half-
symmetry” model utilizes the natural symmetric nature of the problem and allows
one to model the problem by including only half the width of the buildings and
street parallel to wind flow in the spanwise direction. The results are representative
of the flow field around the center column of buildings from Brown et al. (Lien and
Yee, 2004) (also marked in Figure 3.4a). Measurements from Lien and Yee (2004)
included only flow measurements such as streamwise (u) and wall-normal velocities
(w) and TKE along vertical lines in wall-normal direction from ground and build-
ing roof-level along the center row of buildings. The measurements included data
collection until a distance of 1000mm from the ground level. Lines of comparison
of experimental data with numerical measurements are marked as x; (upstream to

the built environment, 186m from the inlet), x5 and x5 (inside the street canyons
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Figure 3.4: a) Schematic arrangement of 77 city-like buildings in the wind tunnel
experiment conducted by Brown et al. (top); b) Computational domain and mea-

surement probe locations considered for numerical validation of velocity fields Lien
and Yee, 2004 (bottom).

in the built environment, 486 and 546m from the inlet) and z4 (downstream to the
built environment, 696m from the inlet) respectively. A distance of 6.7H was pro-
vided between the inlet and upwind side of the first row of buildings, 40.3H between
the downwind side of the last row of buildings and the outflow boundary, and the
computational domain’s height was 10H. The computational domains considered
for the validation and case studies adhered to the recommended guidelines for ur-
ban wind flow computations Franke et al., 2011; Tominaga et al., 2008. The inlet

boundaries were modeled by prescribing power-law Atmospheric Boundary Layer
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(ABL) profiles using stream-wise velocity component u(z), k(z) and €(z), as in the
Equations- 3.14-3.16.

u(z) = UH(%)O‘ (3.14)
k(z) = 12*2 (3.15)
e(2) = ¢, k3% k2 (3.16)

Here, values of o, § and u, were prescribed as per experimental conditions
mentioned earlier. ¢, = 0.09 and x = 0.41 (von Karman number) were model con-
stants. The downstream end of the domain and the top surface were prescribed with
outflow and symmetry conditions, respectively. The sides of the domain were pre-
scribed with symmetry conditions. The Grid Convergence Index (GCI) was used us-
ing Richardson’s extrapolation method for the mesh convergence analyses (Roache,
1994). The computational domain comprised 883,614, 1,695,140 and 3,326,711 hex-
ahedral cells for the coarse, medium and fine meshes. The GCI was evaluated as

follows in Equation 3.17.

1.25 e,

GCI =
P —1

(3.17)

Here, e, is the approximate relative error, r is the grid refinement ratio and
p is the order of convergence. GCI is evaluated at four locations: xy, x5, x3 and
x4. The average GCI for xy, 9, x3 and x4 were 0.8%, 7.89%, 2.4% and 1.8% re-
spectively, hence proving the conformance in results obtained from the medium and
fine grids. Thus medium mesh was deemed converged for further analysis. Figure
3.5 and Table 3.1 show that the numerical predictions of the validation model both
qualitatively and quantitatively represent the measurements of streamwise velocity
(u), wall-normal velocity (w) and TKE well in four different locations. Although the
performance agrees with the recommended statistical metrics for model validation,
the w and TKE were not predicted as well as u. The under-prediction of turbulence

energy in the validation of the model using the Standard k& — e turbulence model
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Figure 3.5: Validation of CFD model against flow measurements from Lien and Yee
(2004)

in the street canyon and the rooftop of the buildings in the array has also been
reported in the literature (Lien and Yee, 2004).

Statistical Accepted Target x3 Xo X3 Xy
index Result Value

RNMSE <15 0 0.10 0.67 0.11 0.34
FB [-0.3,0.3] 0 -0.08 -0.06 -0.13 0.31
FAC2 >0.5 1 1 0.56 0.94 1
MG [0.7,1.3] 1 0.84 - - 1.36
VG <4 1 1.21 - - 1.13

Table 3.1: Statistical measure of CFD validation of flow measurements conducted
by Brown et al. (from Lien and Yee (2004)).
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3.3.2 Validation of Concentration Measurements- 2D

3.3.2.1 Experimental Setup

This experiment included two 0.9m long blocks with 0.06 x 0.06m cross-
sections positioned 0.06m apart from each other, representing an isolated street
canyon that is aligned orthogonal to the incoming winds. Ethane gas was used as
the tracer and the concentration was measured at 14 locations as shown in Figure
3.6. Comparison in the current study pertains to the eight probe measurements
aligned along the leeward and windward facades at mid-length of the street canyon
at 0.01, 0.02, 0.04 and 0.058m from the ground. For the measurements, 4 1/h and
100 1/h of ethane gas and air respectively, in a homogeneous mixture were released
from the bottom of the canyon. The experiment conducted by Meroney et al. (1996)
included concentration sampling using a flame-ionization type hydrocarbon analyzer
and calibration was performed against a laboratory-prepared mixture of air and
ethane gas. The reference velocities considered in the experiment were ensured to
constitute Re, > 3400(Re,,) to exhibit Reynolds independence. The U,y = 2m/s

with AR=1 measurement case was considered for the model validation.
3.3.2.2 Numerical Model

The validation was performed in 2D to reduce computational time. As for the
flow field validation, the numerical validation of ethane gas dispersion measurements
by Meroney et al. (1996) was conducted in full street scale. The computational
domain includes a 5H distance between the inlet and the upwind edge of the first
building and between the roof of the street canyon and the top boundary, 10H
distance between the downstream end of the last building and the outflow boundary.
The inlet boundaries were modeled by prescribing power-law Atmospheric Boundary
Layer (ABL) profiles using stream-wise velocity component u(z), k(z) and €(z), as
in the Equations- 3.18-3.20.

u(z) = Upes (5)° (3.18)
k(z) = ‘Z*Q (3.19)
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Figure 3.6: Figure from Meroney et al. (1996) showing the ethane gas concentration
measurement probe locations and isolated street canyon model under orthogonal
ambient wind

3

€(2) = u,® /K2 (3.20)

Here, 6 = 0.65m (in the wind tunnel scale) is the boundary layer thickness of the
flow, ¢ = 0.09. The power law co-efficient (o ) and the von Karman constant (k)
were 0.28 and 0.41 respectively. The coarse, medium and fine meshes considered
for mesh convergence of the model validation predictions comprised 62,894, 140,594
and 314,444 hexahedral cells. The average GCI errors along leeward and windward
facades were 0.8% and 1.8% respectively (grid convergence study was performed
using the Standard k — e turbulence model), hence proving the conformance in
results obtained from the medium and fine grids. Thus medium mesh was deemed
converged for further analysis. The realizable k& — ¢ model predicted the best on
both the windward and leeward sides. The Standard and RNG K — € models over
predicted K on the windward and leeward sides respectively. Figure 3.7 and Table
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Figure 3.7: Validation of CFD model against concentration measurements obtained
by Meroney et al. (1996); dotted lines (-.), dashed lines (=) and solid lines (-)
indicate the coarse, medium and fine meshes respectively.

3.2 shows the qualitative and quantitative representativeness of the three turbulence
models in predicting the no-dimensional concentrations (K) along the leeward and

windward facades.

Statistical Accepted Target Standard Realizable k —e¢ RNG k — ¢
index Result Value k—e

RNMSE <V15 0 0.15 0.06 0.24
FB [-0.3,0.3] 0 -0.11 -0.16 -0.28
FAC2 >0.5 1 1 1 1

MG [0.7,1.3] 1 0.74 0.85 0.76
VG <4 1 1.16 1.06 1.10

Table 3.2: Statistical measure of CFD validation of flow measurements conducted
by Meroney et al. (1996).

3.3.3 Validation of Concentration Measurements- 3D

3.3.3.1 Experimental Setup

CODASC database includes concentration fields of S Fg tracer gas within iso-
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