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Abstract: Pollutant distribution remains poorly understoodew traffic tidal flows
(TTFs) happen. By conducting computational fluichawyic (CFD) simulations, the
research efforts first focus on how different-sidfic-produced flow and turbulence
(TPFT) affect in-canyon airflow and correspondiralytant dispersion. Second, the
composite effects of non-uniform traffic emissiodalPFT are investigated. Finally,
the influences of TTFs while varying different greanyon geometry and approaching
wind condition is explored.

The results demonstrate that the turbulent difiugerms enhanced by the traffic
movement contribute to the pollutant dispersioruaditraffic lanes. Besides, both-side
TPFTs push leeward pollutants towards traffic flddownstream” due to the
unidirectional advection terms along the trafficedtion. Simultaneously considering
the non-uniform traffic emission and TPFT, eitheeward- or windward-congested
TTFs has a higher concentration at the pedestena@ close to the congested traffic
lane. Besides, the TTF with windward congestion hakigher volume-average
concentration of the whole street canyon. With wagybuilding separation, street
canyon aspect ratio, and incoming wind directidre TTFs still result in a larger
pollutant accumulation above the pedestrian levieich is nearby the congested traffic

flow.
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Keywords. Street canyon; Traffic-produced flow and turbukencraffic tidal flow;
Computational fluid dynamics (CFD).

List of acronyms

ABL Atmospheric boundary layer

GClI Grid-convergence index

RANS Reynolds-averaged Navier—Stokes
Sk Sulfur hexafluoride

SKE Standardk-¢

TKE Turbulent kinetic energy

TPFT Traffic-produced flow and turbulence
TTF Traffic tidal flow

uDS User Defined Scalar

WT Wind tunnel

1. Introduction

The ongoing global urbanization and highly inteegnaffic emissions have arisen
numerous environmental problems (Grimmond, 200hgRs al., 2015), hence are
considerably affecting public health (e.g., redpinaand lung diseases) (Rickerl et al.,
2011) and even causing significant economic losa € al., 2016). Annually, nearly
three million people die prematurely due to inchegly deteriorated air quality around
the world (Who, 2014). This should be attributethisdramatically increased demands
of civil motor vehicles because of great populatgmowth (Zhou and Lin, 2019),
emitting an enormously high intensity of air pofiats (Shi et al., 2018). Thus, there is
a more imminent need to solve this problem, whigltsdor the creation of a cleaner
(less air pollution) outdoor urban environment (et al., 2017; Wang et al., 2021).

Unexpected traffic delays, accidents, and breakdogisturb and interrupt the
regular traffic flow, making the urban air pollutiessue more serious (Anjum et al.,
2019). Thus, road characteristics and traffic pasi@re directly related to the local air
quality (Wai et al., 2012). The traffic tidal flo@ TF) phenomenon has increasingly

become a concerning problem. This phenomenon iglwiobserved or reported in
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many megacities in China, e.g., Beijing (Chen gt26119), Changsha (Li et al., 2015),
and Wuhan (our previous study) (Ming et al., 201#&)as gradually become one of the
most important components of urban traffic congesturing peak commute periods
(Yao et al., 2018). TTF, characterized by a verg\yeraffic flow on one side and an
unobstructed traffic flow on the other during rdsfurs, occurs when the commercial
and residential areas are separated by urban genefd (Issakhov and Omarova, 2021;
Ming et al., 2018). So, two-side traffic flows dreavily imbalanced, causing the traffic
tidal flows (TTFs) phenomenon as a result (Li et 2020; Ming et al., 2018), as
illustrated in Figure 1(a). Massive research haanbsonducted to mitigate the TTF
phenomenon through traffic flow control (Ampoun®let al., 2020; Hu et al., 2021).
However, the pollutant distribution remains poarhderstood when the TTFs happen.
In the existing studies, only the non-uniform enassntensity (Figure 1 (b)) is taken
into consideration (Issakhov and Omarova, 202letlal., 2020; Ming et al., 2018).
However, the non-uniform vehicle speed and traffiime due to TTFs also result in
non-uniform traffic-produced flow and turbulencd”T), as seen in Figure 1 (b).

Although only a few pieces of literature deal wilie influence of TPFT within
urban areas, its importance in determining polludistribution is confirmed (Shi et al.,
2020). Rastetter (Rastetter, 1997) and Kastnemkdenl. (Kastner-Klein et al., 2000)
stated that the influence of inflow wind conditiaared moving vehicles on the pollutant
dispersion was of the same order. Without congidethe traffic movement, the
pollutant concentration in a street canyon will lbelerestimated (Cai et al., 2020a;
Mazzeo and Venegas, 2005; Sahlodin et al., 200ap &b al., 2021).

Several major aspects of the TPFT have been studiget literature, 1) vehicle
speed (Shi et al., 2020; Wang et al., 2019), Jjicraomposition (one-way or two-
way)(Pospisil and Jicha, 2010; Wang and Zhang, 2d6@ng and Yang, 2022), 3)
vehicle shape (truck, SUV and car)(Cai et al., 2)20) traffic density (Rakowska et
al.,, 2014) or traffic-flow patterns (free-flow, ertupted-flow, and congested-

flow)(Thaker and Gokhale, 2016). Most of these mmes studies focus on identical

4



1 traffic conditions in both-side traffic direction$hus, these studies hold the same

2 vehicle speed and volume for a two-way traffic flddowever, much less is known

3 about non-uniform TPFT on the distribution of ptdints in urban areas.

4 To fill the above research gaps, the present reseams (i) to solely investigate

5 the potential contribution of the leeward and wiadeh TPFT to find out how different-

6 side traffic motion affects pollutant dispersioii); {0 jointly consider the non-uniform

7  pollutant emission and non-uniform TPFT inducedTdys to analyze the pollutant

8 distribution; (iii) to explore the influence of T§Rvhen the street canyon geometry and

9 incoming wind condition vary.
10 The remaining contents of this paper are structaedollows: In section 2, a
11 previous wind-tunnel experiment for the validatien briefly outlined. Section 3
12 establishes the methodological framework, presgntive simulation details of the
13 computational fluid dynamic (CFD) setup. The préseamputational model is
14 validated in section 4. Section 5 firstly discust&s influence of traffic movement
15 above different sides by analyzing their impacttbe mean flow, turbulence, and
16 pollutant distribution. A budget analysis is alsmducted to estimate the contribution
17 of advection and turbulent diffusion for pollutdaransport. Furthermore, the influence
18 of TTFs is explored when varying the building sepian, building height, and
19 incoming wind direction. Finally, the conclusionsddimitations are given in section
20 6.

(@)

21 Wuhan, China HongKong, China
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Figure 1 (a) Photos of TTFs in the realistic urlbasas by authors and (b) schematic
illustrating the non-uniform traffic emission andmuniform TPFT caused by TTFs.
2. Description of wind tunnel experiments

The current computational model to reproduce kv and concentration fields
affected by moving vehicles is justified by a wihghnel experiment (WT). This
experiment is conducted earlier at the LaboratdrBuoilding and Environmental
Aerodynamics, University of Karlsruhe (Gromke, 20G8omke and Ruck, 2007). As
seen in Figure 2, a scaled model (1:150) of a tdneensional isolated street canyon
with the dimension of height{) x width W)x length ) =0.12 m x 0.12m x 1.2 m
is tested. The isolated street canyon is simulatesl neutral atmospheric boundary
layer (ABL) with the power-law exponent of 0.30 faind speed and -0.36 for
turbulence intensity. The wind speed and turbulemessity profile of the approaching

flow can be approximated by using the following govaw form,
U(2) =U,, x(z/0.1m)** Q)
1(2) =14 (z/0.1n)°* 2

where the reference wind spdég: is 4.39 m/s and the reference turbulence intensity

lrer is 17.3%.
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Inside the street canyon, two circulating belts iastalled on the floor to model
the two-way traffic produced flow and turbulenceg(ffe 2). A group of small plates
at 0.1m intervals are mounted on two circulatingishevhich represents a vehicle
density of 6.67 cars per 100 m in the full scallee Toving speed of circulating belts
is set as 11.1 m/s on both lanes. The sulfur hesafle (Sk) is chosen as the tracer
gas to model the release of traffic emission. Tke iS emitted from four wirelike
pollutant sources with an area of 1.42]jx 0.003 m, with an emission ra®)(of 10
g/s. The measurement of pollutant concentratitocated Smm away from the building
surfaces (Buccolieri et al., 2009; Zheng and Y&@g1). The concentration of §F,
is presented as the dimensionless concentratipagdollow,

_CUH
Q/l

+

3)

s - Traffic flow and its direction

Wirelike pollutant sources

Figure 2. Schematics of the WT with an urban stosetyon (scale 1:150) and two
circulating belts for moving vehicles simulationr{@ke, 2013; Gromke and Ruck,
2007)
3. Methodology
3.1 Description of computational geometry, grid and case studies

The street canyon configurations used in the CKiulstions are constructed

based on the scaled model (1:150) of an isolatexbtstanyon adopted in the WT
7
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mentioned above. The size and discretization ofctimaputational domain are based
on the geometry setting of the WT. The distancawden the building and the inlet
boundary, top boundary, lateral boundaries, anflasutboundary are 1.2 m (H),
0.96 m (#), 0.36 m (B), and 1.8 m (18), respectively, which is in line with
Ref(Franke et al., 2011; Tominaga et al., 2008;nghet al., 2021). The origin of
coordinates is at the center of the floor edgdefibhlet boundary.

In the position of moving vehicles, two rectangualid volumes are assumed to
represent the directly affected region, in whioh #dditional source terms of Eq. (4) &
(7) are switched on. Considering the heavily imbeéal traffic caused by the TTF, we
differentiate the leeward source (colored by bhr&) the windward source (colored by
green).

The computational domain is discretized into abmutmillion hexahedral cells
(Figure 3(b)). There are relatively large gradiesftshe velocity near the ground and
building surfaces and more intricate flow morphaésgcaused by moving traffic.
Cubic cells withAx = Ay = Az = H/40 are set for the region within the street canyon
(Figure 3(b)). Besides, a grid-sensitivity analysiperformed based on two additional
grids: a coarser grid and a finer grid. For therseabasic, and fine grids, the minimum
sizes are set to d4/50, H/40, andH/20, respectively. The total cell numbers for the
coarse, basic, and fine grids are 1.4 million,rGiion, and 12.2 million, respectively.
Then, the results of grid-sensitivity analysis dssed later (Appendix A2) indicate that
the basic grid provides nearly grid-independentilteswhich can be further used for
the remainder of this study.

Besides the uniform two-way traffic flow studieg tthe WT, this study focuses on
the non-uniform traffic flow. To have an in-deptimderstanding of TTFs in the
following case studies, at first, the influenceesfward and windward traffic movement
is solely explored. In this section, the traffimddion of each traffic flow is the same
as the setting of the WT, i.84en = 11.1 m/s &nen =10. HereinVien iS the average

vehicle speed anadle is the number of vehicles per unit length per Jamgich will be

8
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discussed later in Section 3.4. The intensity efpbllutant source is also identical to
the WT Q = 10 g/s). Then, the TTFs are modeled based oprawous observation
and statistics (Ming et al., 2018). In this prexd@tudy, two typical TTFs differentiated
by the varying locations of congestion are recorded, the leeward-congestion TTF
and the windward-congestion TTF. There is a lovadicle speed\wen = 11 km/hour)
and a higher traffic densitywgn = 19.1) for the congested traffic flow, while ajhéer
vehicle speed\{en = 25 km/hour) and a lower traffic density. = 8.1) for the non-
congested traffic flow, as seen in Figure 1(b). Tago of emission rate for the
congestion side and non-congestion side is abdas Zeen in Table Al). Since the
present study considers the dimensionless cont¢emirghe intensity of the pollutant
source for the congestion side is ideally set agy2While 10 g/s for the non-congestion
side. The street canyon geometH/\(V =1) and inlet boundary condition are in line
with the WT for this section. Furthermore, the umfhces of TTFs under different
conditions are investigated, including differentilthimg separations, the different

aspect ratios of the street canyon, and diffemscaming wind directions.

.
7 -

TPFT source _ ‘
Pollutant source
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Figure 3 (a) The geometric model, computational @iorrand boundary conditions
and (b) Grid distributions
3.2 Governing equation and turbulence model
The analyses are based on the steady-state 3biReyaveraged Navier—Stokes
(RANS) conservation equations of mass and momenfmmthe incompressible
turbulent flow. The governing equations are asofof:

Continuity equation:

— =0 4
ox (4)
Momentum equation:
a(louluj) ap az-”
— =T+ _J4pg + 5
ox ox " ox PY +3, (5)

where the stress tensay is defined as:

ou Ou. 2
. =plv.| —+—L||-=pkd 6
(2020 2 ’

where theu; denotes the-axis component of the air velocitg; andp represent the
pressure and density, is the turbulent kinematic viscosi®; is the Kronecker delta;

k is the turbulence kinetic energ¥i is the additional source term of the momentum
eqguation due to the traffic flow, which will be blaated in Section 3.4.

The species transport equation is solved to mduebpbllutant dispersion in an
urban environment as follows:

etz

whereD andD: (= w/Scy) denote the molecular and turbulent diffusion Giornts of
the pollutant, respectivelyc: is the turbulent Schmidt number, which is set ®10.
account for the underestimation of the turbulenssrdiffusion from the RANS models

(Hang et al., 2012; Tominaga and Stathopoulos, 2006&ng and Yang, 2021Y.is the

10
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mass fraction of the pollutants. This dispersiopafutants is simulated with the User
Defined Scalar (UDS) option in ANSYS Fluent.

The standard-¢ (SKE) turbulence model has been demonstrated tapable of
simulating a wide range of turbulent flow phenoméaeffectively characterizing the
airflow and pollutant transport in street canyomar( et al., 2015). According to the
simulation study conducted by Zheng and Yang (Zhemdj Yang, 2021), it is found
that the SKE turbulence model can yield the besteagent with the same WT data
using a similar traffic movement model, comparedttter RANS models (Reynolds
stress model (RSM), shear stress transport (SSd)medel, renormalization group
(RNG) ke model and realizable &imodel (RKE)). Thus, the standaket model is
used to solve this steady-state flow field affectsdthe traffic movement. The
conservation equations of the standitdturbulence model for the turbulence kinetic

energy k) and dissipation rate)are as follows:

ou k
M. 9 v+ oK +P-£+§ (8)
ox, 0x ak axj
ouEe 2
9 v+ oe +C€1E—C€2£— 9)
6x 6xj ax k k
The production term is defined as:
ou, 0
p=y, | M, 94 | (10)
a>q 6x a>q

Here, the values of the consta@s ok, o:, C:1, andC, are 0.09, 1.44, 1.92, 1.0, and

1.3, respectively. Besides;, denotes the additional term of turbulent kinehergy

induced by traffic flow, which will be explained Bection 3.4.
3.3 Boundary conditions

At the domain inlet, the measured inlet velocityl darbulence intensity profile
from the WT is used to model a neutral ABL. Thebtuent kinetic energk and

turbulence dissipation rateprofiles are applied as follows,

11
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k2 =(U@xI,)’ (11)

C 3/4k 3/2
g(z) :i' (12)
KZ

wherex is the von Karman's constart@.4) ancC is the model constant (= 0.085).

The Reynolds numbeRe=U 4 H /V) for the regular street canyon is about 3.6 x

10%, which is larger than 11,000 to satisfy the regmient of Reynolds number
independence (Snyder, 1972). For the deep stregooaits Reynolds number is about
7.2 x 1¢also can meet the requirement of Reynolds numbepiendence for the scale
deep street canyon with height aspect ratio =20, (Chew et al., 2018).

Besides, as seen in Figure 3(a), the bottom,ndpaderal boundaries of the domain
are set as no-slip walls, namely reproducing tberflceiling, sidewalls of the WT test
section. On the outlet of the domain, a zero diffislux is imposed for all flow
variables in the direction normal to the outflovamé since the domain downstream is
long enough to ensure a fully developed outlet flow
3.4 Modedling traffic-produced flow and turbulence

The representation of traffic movement in the G&@del is crucial to capture their
effects on wind flow insides the street canyon (@ail., 2020b; Kondo and Tomizuka,
2009). Besides the dynamic mesh updating techndilogymulate the characteristics
of moving vehicles adopted by our research teamdCal., 2020b; Li et al., 2017; Shi
et al., 2020; Wang et al., 2019), the aerodynarffeces of the inclusion of traffic
movement can be also modeled by an explicit methdte literature (Mochida and
Lun, 2006). This method to model traffic movementefined as a "vehicle canopy
model" (Mochida and Lun, 2008). Without directly deting each individual moving
vehicle, the total effects of all the moving vebglabove traffic lanes are treated as a
whole (Mochida and Lun, 2008). Their aerodynamie@t are modeled using the

methodology of canopy model; thus the additionahtare added to basic equations

12
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for the momentum§) and the turbulent kinetic energ®) (Kondo and Tomizuka,

2009; Mochida and Lun, 2008; Thaker and Gokhalé62@heng and Yang, 2021),

1 ¢h
S= EIOCd % Mgy Vieni = U) [Voen,; ~ Ui‘ (13)
S =9 (Vveh,i —Uu) (14)

where following the setup of the WTy is the drag coefficient of the vehicle (= 1.2),
Awen is the frontal vehicle area (= 50 MinAs is the cross-section of control volumes
pass by vehicles (= 54 nfinnwen is the number of vehicles per unit length per lané
Vveni is the vehicle speed in thelirection.
3.5 Solver settings

The commercial software ANSYS/FIUBNEFD software (Release 15.0) (Fluent,
2013) is used to simulate the airflow of ambiemavover this isolated street canyon.
This study utilizes the pressure-linked equatiomssestent (SIMPLEC) numerical
method for the pressure-velocity coupling. The sdeorder upwind scheme (Barth
and Jespersen, 1989) is used to discretize botbaottnvective terms and the diffusion
terms. A double-precision solver is also selected the CFD calculations. The
convergence criterion of the normalized residusdreris set to 16 for the governing
equations.
4. Validation study

A cross-comparison of the dimensionless wind vigl@nd pollutant concentration
on the building surface between the numerical axgeemental results (personal
communication with Dr. Christof Bernhard Gromke)pigsented in Figure 4 (a)—(c)
(the comparisons in more positions are supplemeintédgure A7 (a)—(c)). On the
corner plane, the results of predicted streamwm& Yelocities agree well with the
experimental data (Figure 4(a) and Figure A7(apwelver, the present simulation
underestimates the negative spanwise airflow, wimeans the lateral entrainment
through the lateral boundary (Figure 4(a) and Fe@if(a)). This is due to the weakness

of the RANS model to predict the wake region of ldeward building (Hayati et al.,
13
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2019). Therefore, there is a thinner sidewall baupdayer and weaker lateral
entrainment when the RANS model is used (Hayadl.e2019). On the central plane,
the present simulation reasonably predicts thesivase flow velocities (Figure 4(b)
and Figure A7(b)). Nonetheless, there still is amlarprediction of vertical wind
velocities on this central plane (Figure 4(b) angufe A7(b)). This is because the
RANS model underpredicts the strength of the inyoarcirculation (the main vortex)
(Salim et al., 2011). Figure 4(c) and Figure AYi@phically presents the concentration
profiles at several different vertical locationsray both walls. The present simulation
provided consistent predicted results against tAe &ding well at all locations along
the leeward building surface and only slightly gredicting on the windward building
surface. Besides, on the leeward surface, theidfiafiuced skewness of pollutant
concentration, which shifts towards the trafficedtion of the leeward traffic flow, is
well simulated by the present CFD model. Overalicduld be concluded that the
present CFD simulation method is able to performil we capturing the spatial
distribution of the pollutant affected by the mayimaffic.

On the corner surface
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On the windward surface

Figure 4 Comparison of WT results and the simulé@d/U,« andv/Ue the along a

horizontal line on the vertical corner plane, @)« andw/U¢ along a horizontal

line on the vertical central plane, and (¢)dlong three vertical lines on the leeward

and windward building surfaces

5. Resultsand discussion

5.1 Influence of traffic movement above different sides

When the TTFs occur, there are non-uniform polluemissions and TPFT on

both sides of the street. The influence of nonamif pollutant emissions has been

discussed by our previous studies (Li et al., 202idg et al., 2018). It is found that

due to the canyon vortex (main vortex), the leewandgestion TTFs have a higher

leeward concentration than the windward-congeslibRs with the same volume. For

further comparison, Appendix Al for illustratingetinfluence of non-uniform pollutant

emission is supplemented. Prior to investigatiortlenTTFs, this section attempts to

investigate the second characteristic of TTFs (moferm TPFT). Therefore, it is

important to find out how different-side traffic tan affects pollutant dispersion.
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5.1.1 Influence of traffic movement on mean flow and TKE

For the one-way traffic flow, it is observed thia¢ each-side traffic movement has
a minor influence on the flow structure and thetieat wind velocity (Figure 5 (b) &
(c)) as well as the streamwise wind velocity (Fega3 (b) & (c)) at the vertical cross-
sections. However, the flow structure and corredpan spanwise velocity at the
pedestrian level significantly change with theficamovement on the different sides
(Figure 5 (b) & (c)). At the horizontal cross-secti(i.e., the pedestrian level (1/B2
above the ground)), the leeward traffic flow goaigng the direction of +y leads to a
leeward channeling flow from right to left with strger ventilation. The windward
traffic flow also alters the direction of airflowzhich turns to the direction of windward
traffic flow (the direction of -y). Nonetheless,ettwindward traffic flow does not
produce the channeling flow inside the street car{ifagure 5 (b) & (c)). Besides, each
side traffic movement strengthens the corner vaateaRe lateral entrance of this traffic
flow. For example, there is a stronger corner voctese to the right lateral entrainment
for leeward traffic movement. For a two-way trafficw with the same condition, the
channeling flows still appear above both side itdénes (Figure 5 (d)). It should be
noted that the leeward channeling flow becomes ewakie to the influence of
windward traffic movement. Besides, the positivieef of a one-way traffic flow on
lateral ventilation set off each other.

Besides stronger ventilation caused by the traffavement, there is a stronger
TKE around the traffic lanes (Figure 6). These mmeena result from the composite
effect of two influential aspects. One is that theffic movement induces the TKE
produced at the lateral boundary along the trédfi@s. The other is that the interaction
of traffic movement and airflow modifies the me#&w motion into wake turbulence,
which leads to the production of TKE as a resuitshould be noted that the
enhancement of TKE is only limited to the vicindytraffic lanes, at either the vertical
cross-sections or the horizontal cross-section. iRstance, the windward traffic

movement only causes a stronger TKE level at tmelward side (Figure 6(c)).
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Figure 5 Predicted spanwise wind velocity at thegsérian level and the vertical wind
velocity on the vertical cross-sections for (afficafree case, (b) leeward traffic flow

(L-traffic) case, (c) windward traffic flow (W-tr&€) case, and (d) L-traffic & W-traffic
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Figure 6 Predicted TKE at the pedestrian level@mthe vertical cross-sections for (a)
traffic-free case, (b) L-traffic case, (c) W-traftase, and (d) L-traffic & W-traffic
5.1.2 Influence of traffic movement on pollutant dispersion

For the traffic-free case, due to the canyon wofteain vortex) at the vertical
cross-section, the pollutants tend to accumulathealeeward side. Thus, there is a
stronger leeward pollutant concentration (Figues aphd Figure 8). Besides, the corner
vortex causes the inward airflow at the pedestheel from the lateral boundary,
which results in a stronger concentration closgnéosymmetry plane (Figure 7(a) and
Figure 8).

When the influence of one-way traffic movementansidered, there is still a
higher pollutant concentration at the leeward gigigure 7(b) & (c)). Nonetheless,
there are some marked changes in the distribufipoltutants within the street canyon,
especially at the leeward pedestrian level. Fasseen in Figure 7(b) & (c)), each side
traffic movement pushes pollutants to the "dowrstréposition of traffic flow at the
leeward side (Figure A4 illustrates the traffiodl6édownstream"). As shown in Figure

8(a), the position of maximum pollutant concentratat the leeward side shifts to the
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traffic flow "downstream”. For instance, the leed/araffic movement (from right to
left) result in a higher leeward pollutant concatitn on the left side (Figure 7(b)).
Second, the leeward traffic movement causes a lteesvard concentration than the
windward traffic movement (Figure 7(b) & (c)). Bdes, leeward traffic movement
even leads to a reduction in maximum leeward canagon (about 8%), when
compared with the traffic-free case. In contrds,windward traffic movement almost
does not reduce the maximum leeward concentrafitie. possible reason is the
stronger leeward TKE induced by the traffic movemerFhird, each-side traffic
movement greatly reduces the maximum windward patiuconcentration (about 30%
-32%), compared to the traffic-tree case (Figu@-—€)). Like the distribution of
leeward pollutants, the position of maximum windavgiollutant concentration also
shifts to the traffic flow "downstream” (Figure $JbDifferently, the windward traffic
movement does not cause a lower windward concenir#tan the leeward traffic
movement.

For the two-way traffic flow, the traffic movememtilutes the significant
accumulation of pollutants at the center regiorihef leeward side, compared to the
traffic-free case (Figure 7(d)). Therefore, the maxm leeward pollutant concentration
decreases (Figure 8(a)). Nevertheless, the twotvedfyc movement causes a higher
pollutant concentration close to the lateral boupdBigure 8(a)). Besides, the position
of maximum leeward pollutant concentration shiftghe direction of leeward traffic
movement (+y). It is because that the leewarditraffovement plays a more important
role in the re-distribution of leeward pollutan®n the windward side, pollutant
concentration basically decreases, compared twdffie-free case. Unlike the leeward

side, the windward pollutant concentration stidlyst symmetric (Figure 8(b)).
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Figure 8 Horizontal profile of Calong with the (a) leeward pedestrian level and (b
windward pedestrian level. Herein, the locatiometcord the horizontal distribution of
C" is 10 mm away from the two-side building surface.

For a better understanding of the influence of ttladéfic movement on the in-
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canyon pollutant distribution, it is necessary tmduct a budget analysis to estimate

10 the contribution of advection and turbulent diffusifor pollutant transport (Li et al.,
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2009). The magnitudes of the advection term andutent diffusion term can be

Dio[Cct

]) (1/s), respectively (Baik et

calculated by—U;0[C*]/0x; (1/s) andd/dx;(—

al., 2007; Weerasuriya et al., 2022). It shoulahbted that the negative value of either
advection or turbulent diffusion terms is respolesilor transporting pollutants away
from this position. In contrast, the positive valurean these terms make the pollutant
gather there (Li et al., 2009).

Figure 9 shows the spatial distribution of adwattnd turbulent diffusion term at
the pedestrian level and on the vertical crossaext First, no matter for one-way or
two-way traffic movements, there is a more sigaificchange in the distribution of
turbulent diffusion terms compared to the traffied case (Figure 9 (e)—(h)). Their
influence on the distribution of advection termsrmor (Figure 9 (a)—(d)). It means
turbulent diffusion caused by traffic movement glaymore critical role in dispersing
pollutants. Second, the streamlines (from the étevundary to the street center at the
leeward side in the traffic-free case) are sigaifity altered by traffic movement
(especially for the leeward traffic movement). Rbe case of leeward traffic, the
leeward streamlines are in line with the trafficvament direction. Although the traffic
movement doe not significantly increase the intgnsfi advection terms, the negative
value of unidirectional advection terms (from "upsin of traffic flow" to
"downstream of traffic flow") means the traffic mewent will push the pollutants
downstream along the traffic direction. This finglican explain why each side's traffic
movement moves pollutants to the "downstream" mosdf traffic flow at the leeward
side. Third, pollutant turbulent diffusion termseaonsistent with the distribution of
TKE. In other words, the leeward traffic has a msignificant negative value in the
vicinity of the leeward pedestrian level. This smger turbulent diffusion term is
responsible for the reduction of maximum leewandoemtration when compared to the

windward traffic movement (observed above).
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Figure 9 Budget analysis at the pedestrian levélamthe vertical cross-sections
5.2 Studies on traffic tidal flow
This section attempts to mimic the real pollui@istribution when the TTFs occur.

Accordingly, the influence of non-uniform polluta@mission and non-uniform TPFT
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are simultaneously considered. As discussed altloses is a higher pollutant emission
at the leeward/windward side while a stronger TRTthe windward/leeward side for
the TTF with leeward/windward congestion. To in@udore actual scenarios as much
as possible when the TTFs occur, another threednipetors are also considered, i.e.,
the building separation, the canyon aspect ratid,the incoming wind direction.
5.2.1 Base case

For the base case, the building geometry keelnsamwith the WT H/W=1). The
traffic simulating setting and corresponding pdhit source strength are adjusted
according to the traffic condition of different T§Fbserved. As discussed above,
traffic movement significantly influences the dilstrition of spanwise velocity and TKE
within the street canyon. Thus, these two pararsetee chosen to evaluate how
different TTFs affect the in-canyon mean flow ari<ET

Figure 10(a) shows that the TTF with leeward catiga remarkably changes the
original streamlines on the windward side. Oncedinenward airflow at the windward
side reaches the ground, almost turns towards ithéward traffic flow "downstream”
(right side). This is because there is strongedward traffic movement. Meanwhile,
the airflow towards the leeward traffic flow "doviream" is mildly enhanced due to
the leeward traffic movement. Similarly, the TTRhwindward congestion results in
a more significant channeling flow in the vicinid§ the leeward building surface.
However, the windward congested traffic flow doest greatly change the flow
structure close to the windward surface. For boIRgl a significant enhancement of
TKE is observed above the non-congestion side (EifyQ(b)). As seen in Figures 10(e)
and (f), it is observed that turbulent diffusiomyd a more critical role in the pollutant
distribution inside the street canyon.

As discussed in Appendix A2, if only the non-unifo pollutant emission is
considered, the leeward-congestion TTF will havgaer leeward concentration than
the windward-congestion TTF. Its average/maximuewkerd concentrations are about

14% and 12% higher. The windward-congestion TTRriltesn a higher windward
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concentration. Its average/maximum windward corre¢ions are about 44% and 41%
higher. A similar conclusion could still be drawrh@n the non-uniform pollutant
emission and TPFT are simultaneously simulatedetms of two-side average or
maximum pedestrian-level concentration, the TTHhwaeward congestion still causes
a higher leeward concentration (13% and 10% forameeand maximum value), while
the windward-congestion TTF results in a higherdwiard concentration (49% and 44%
for average and maximum value) (Table 1). Diffeygentlue to the leeward traffic
movement, the position of maximum leeward pollutzoricentration shifts toward the
leeward traffic flow "downstream"”, especially fovet TTF with windward congestion
(Figure 10 (c)&(d)). This is because the TTF witineward congestion leads to
unidirectional advection terms along the trafficedtion close to the leeward building
surface. As a result, at the left side of the laevpeedestrian level (leeward traffic flow
"downstream"), the windward-congestion TTF hasghéi concentration (Figure 10
(d)). For the windward pedestrian level, the palhitconcentration distribution remains
basically symmetric. When comparing Table 1 andld@ &4, the non-uniform TPFT
slightly decreases the difference of pollutant emiation at the leeward side caused
by the non-uniform pollutant emission but increabés concentration difference at the
windward side.

Moreover, the area-average pollutant concentradfoime entire pedestrian level
(C'ped) and the volume-average pollutant concentratiorthef whole street canyon
(C"canyon) are compared for different TTFs with differendtesicongestion. It is found
that the TTF with windward congestion causes aén@i e (Table 1). It should be
attributed to a weaker turbulent diffusion on thedward side (Figure 10(f)), while a
stronger pollutant emission exists on this sidausTthese massive pollutants from the
windward emission source tend to accumulate apéuestrian level, especially at the
center of the street (Figure 10(c)). On the otleardhy Figures 10 (e) and (f) show that
these two TTFs have a similar ability to transgmtiutants upwards in the vicinity of

the leeward surface by advection and turbulenusliéin terms on the vertical sections.
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In other words, a similar proportion of pollutargee transported away from their
previous position upwards. The leeward-congestibR, vhich has a stronger leeward
emission, naturally has more pollutants away frompgedestrian level (Figure 10(c)).
As a result, there is a high€f ped for the windward-congestion TTF.

As Li et al. (Li et al., 2009), turbulent diffusicierms dominate the pollutant
removal across the roof level. However, the vasratiof TTFs do not significantly
change the distribution of turbulent diffusion terat the roof level (Figure 10(f)). Thus,
more pollutants escape across the roof level fotebward-congestion TTF since there
are more pollutants away from the pedestrian |leMethe same time, the difference in
advection or turbulent diffusion terms caused jedent TTFs is also minor at the
lateral entrance (Figure 10(e) and (f)). Conseduetiie windward-congestion TTF

also results in a high&* canyon.
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Figure 10 Predicted (a) spanwise wind velocity, TKE, (c) C at the pedestrian level
and on the vertical cross-sections, (d) plot é6fat two-side pedestrian level (The
location to record the horizontal distribution of i€ also 10 mm away from the two-
side building surface), (e) advection term, andt(fpulent diffusion terms at the
pedestrian level and on the vertical cross-sectiorder the leeward and windward

congestion TTFs for the base case.
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Table 1 C difference between L- & W- congestion TTFs for beese case

Average Average  Maximum  Maximum Average Average

CllLee C*win CllLee C*win C* ped C*canyon
L-congestion 32.6 11.2 43.1 16.5 255 17.4
W-congestion 28.3 16.7 38.8 23.8 29.1 18.4
C* difference between
13% -49% 10% -44% -14% -6%

L- & W- congestion (%)

C*Lee andC*win are the pollutant concentration along the leeveardl windward pedestrian leveél; ped is the area-
average pollutant concentration of the entire peideslevel;C*canyonis the volume-average pollutant concentration
of the whole street canyon.

5.2.2 Effects of building separation

In the base case, all buildings are assumed tddsely packed together without
any separation between buildings. In effect, thiédimng separation is often observed,
which is directly related to the permeability oftaming wind (Li et al., 2021a; Ng and
Chau, 2014). The building separation is definedh@spercentage of the length of
building separatiors to the length of canyoh (Ng and Chau, 2014). Herein, the
separation of 10% permeability is considered.

As seen in Figure 11(a), there is a marked jet fliecause of the building
separation. These jet-flows cut off the channefiogy induced by the traffic movement.
Accordingly, it is not easy to transport the palut along the leeward side on a large
scale anymore. Due to the building separationTte level at the bottom of the street
canyon is much higher compared to the base caseefimancement of TKE induced
by the traffic movement becomes insignificant (Fegtil (b)). As a result, the change
in the distribution of turbulent diffusion termsused by different TTFs becomes less
evident (Figure 11(f)). The influence of non-unifofTPFT reduces and the forced
convection dominates the distribution of pollutanithin the street canyon. Therefore,
there is still a higher leeward concentration foe teeward-congestion TTF. At the
windward side, the windward-congestion TTF leada tagher concentration (Figure

11 (c) & (d)). When comparing the baseline casethaduilding separation case, it is
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1 found that the difference of pollutant concentnatcaused by non-uniform pollutant
2 emission decreases at the leeward side but ina@dtbe windward side (Table 1 &
3 Table 2). Table 2 also shows that there is stijjhBr C*ped and C*canyon for the
4  windward-congestion TTF. Compared to the base tasalifference of eitheC" ped Or
5  C'canyon due to different TTFs also becomes smaller (Tab&e Table 2). It could be
6 attributed to the higher windward turbulent diffusiterm for the windward-congestion
7 TTF when compared to the base case (Figure 10 Eig&re 11 (f)).
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Figure 11 Same as Figure 10 but for the buildinzasstion

Table 2 C difference between L- & W- congestion TTFs witke thuilding separation

Average Average  Maximum  Maximum Average Average

C'Lee C*win C'Lee C*win C* ped C* canyon
L-congestion 27.5 11.8 37.8 195 20.6 125
W-congestion 22.2 15.9 29.0 22.5 22.4 13.1
C* difference between
19% -35% 23% -15% -9% -5%

L- & W- congestion (%)

5.2.3 Effects of street canyon aspect ratio

The regular street canyoHR/fN= 1) is chosen as the base case. In fact, thet stree
canyon varied with the canyon aspect ralHd\W. Herein, the influence of TTFs is
evaluated within a deep street canyorHdf= 2 for comparison. Our previous study
shows stronger lateral entrainment from the sidenbdary in a deeper street canyon (Li
et al., 2021b). With stronger lateral entrainmeiné, channeling flow induced by the
traffic movement could be enhanced.

As seen in Figure 12(a), the influence of traffiovement indeed becomes more
significant. Compared to the regular street canyba,combined effect of stronger
lateral entrainment and the windward traffic movemgor the leeward-congestion
TTF) also causes a channeling flow. It will shitfetposition of maximum windward
concentration. Like the regular street canyon,ehsill is channeling flow for the
windward-congestion TTF. Thus, in terms of horizbulistribution of pollutants, each
TTF results in a symmetric distribution of pollutaooncentration close to the
congestion-side, while an asymmetric pollutantrdistion on the opposite side (Figure
12(c) and (d)). Besides, compared to the reguteestanyon, the traffic movement
causes a larger improvement of TKE, which contebub the dispersion of pollutants
at the lower space of the street canyon (Figurd)l2@s a result, the leeward-
congestion TTF and the windward-congestion TTF hagenilar maximum leeward

or windward pollutant concentration (Figure 12(d)r&ble 3), where the difference is
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less than 6% or 7%. The leeward-congestion TTF esaus 12% higher leeward
concentration. The windward-congestion TTF stillsha 20% higher windward
concentration (Table 3), much lower than that efrigular street canyon (49% shown
in Table 1). The possible reason is that the temtuldiffusion term has a more
significant negative value around the windward yalht source inside the deep street
canyon (Figure 12(f)) compared to the base caseteftre, Table 3 also shows that
the difference ofC" ped reduces to almost 4% in this deep street canyomeder, the
difference ofC'peq is about 14% in the baseline case. Similarly, ghisra minor

difference ofC" canyon inside the deep street canyon.
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(e) Advection term (1/s) (f) Turbulent diffusion term (1/s)
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Figure 12 Same as Figure 10 but for the deep steagton

3 Table 3 C difference between L- & W- congestion TTFs for teep street canyon

Average  Average Maximum Maximum  Average  Average

C*Lee C*win C*Lee C*win (on ped ct canyon
L-congestion 64.6 384 78.3 70.4 29.7 16.2
W-congestion 56.6 46.2 725 74.5 31.0 16.6
C* difference between
12% -20% 7% -6% -4% -2%

L- & W- congestion (%)

5.2.4 Effects of incoming wind direction
The perpendicular wind is considered in the base dn effect, the incoming wind
varies with various wind directions. Therefore,stlsiection attempts to explore the

influence of TTF under a parallel wind. Unlike therpendicular wind, we can only

© 00 ~N o U b

intuitively define two-side traffic flow, i.e., theght-congestion and left-congestion
10 TTFs. For this two-way traffic, the right traffitofv goes along the wind direction while
11 the left traffic flow goes against the wind directi(Figure A5). Therefore, the right-

12 congestion TTF has a stronger traffic movementregahe incoming wind.
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As shown in Figure 13(a), both TTFs do not siguaifitly affect the flow structure
at the pedestrian level. The pedestrian-level stlieas are almost from the upstream
entrance to the downstream outlet of the streeyaranThis is because, unlike the
perpendicular wind, the in-canyon airflow inducedite parallel wind is strong enough.
Thus, the parallel-approaching wind almost dommabe distribution of pollutants.
Along the incoming wind direction, both advectiondaturbulent diffusion have
negative values at the bottom of the street canydmch pushes the pollutants
downstream. Accordingly, the trend of pollutant tdisition along the two-side
pedestrian level is consistent. For both TTFsyttved-side concentration significantly
increases at the entrance section and then onlygelaslightly downstream (Figure
13(c) & (d)). Nonetheless, the left-/right- congestTTF still causes a higher left-
Iright- side concentration in terms of either ageraor maximum pollutant
concentration (Table 4). This is because the hota@durbulent diffusion (y+ direction)
nearby the pollutant source contributes to the mcdation of pollutants above both-
side pedestrian levels (Figure 13(f)). Besides,|@ab presents that the TTF with
congestion traffic goes along with the incoming avidirection (TTF with right
congestion here), causing a Iow@Fped Or C'canyon. This is due to the significant
enhancement of TKE on another side (left side) &ad improves the TKE level on
this side (right side) (Figure 13(b)). Thus, thghtiside turbulent diffusion significantly
increases to dilute the massive pollutant emisseused by the congestion (Figure
13(f)). In contrast, the stronger TPTF on the rigide (its traffic direction is in line
with the incoming wind direction) has little effeah the left-side turbulent diffusion

for the TTF with left-side congestion (Figure 13(f)
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Figure 13 Same as Figure 10 but under a paralled wi

Table 4 C difference between L- & R- congestion TTFs undpagallel wind

Average  Average Maximum Maximum  Average  Average
ClLee C*win ClLee C*win C* ped C* canyon
L-congestion 21.5 18.1 26.1 21.9 24.5 13.6
R-congestion 18.3 239 254 28.7 22.6 12.6
C* difference between
15% -32% 3% -31% 8% 8%

L- & R- congestion (%)
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6. Conclusion

This paper has presented numerical simulationd v@obmputational Fluid
Dynamics (CFD) to investigate the influence of ficafidal flows (TTFs) on the in-
canyon pollutant distribution. One of the charastas of the TTFs, the influence of
non-uniform traffic emission has been discussedhm literature. This study first
attempts to explore the other of the charactessticthe TTFs, i.e., the non-uniform
traffic-produced flow and turbulence (TPFT). Thtlse potential contribution of the
leeward and windward TPFT is investigated to find bow different-side traffic
motion affects pollutant dispersion. Second, thiglg simultaneously considers the
non-uniform pollutant emission and non-uniform TPRiRduced by TTFs, which are
recorded by or previous observation. Finally, tifeience of these TTFs is tested under
different street canyon geometry and incoming wénddition. The major results are
summarized as follows:

1) Both leeward and windward one-way traffic movetrsgnificantly impact the
pedestrian-level flow structure. For example, tbewlard TPFT causes a channeling
flow along the leeward surface. They significardffect the spanwise wind velocity
and improve the TKE level around the traffic labes$ have a minor influence on the
streamwise velocity. The budget analysis indicatebulent diffusion terms play a
more critical role in pollutant dispersion than thévection terms, considering the
influence of TPFT. Besides, the unidirectional adi@ terms along the traffic
direction make the pollutant away from the soume push them towards traffic flow
"downstream".

2) If only the non-uniform pollutant emission mnsidered, the leeward/windward-
congested TTF causes a higher average concentatitime leeward/windward side.
Simultaneously considering the non-uniform pollatamission and TPFT, both TTFs
still cause a higher concentration close to thegested traffic lane. Differently, non-

uniform TPFT significantly alters the spanwise dlsition of concentrations at the
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leeward side. The position of maximum leeward catre¢ion shifts to the leeward
traffic flow "downstream”, especially for windwambngested TTF, while the
distribution of windward concentration stays symmeeategardless of the TPFT.

3) When changing the building separation, buildimgght, and incoming flow
direction, TTFs still cause a higher concentratrihe pedestrian level close to the
congested traffic lane. This should be attributedhe horizontal turbulent diffusion
terms around the pollutant source. Besides, thé&eveaindward turbulent diffusion
for a windward-congestion TTF can not effectivegmove the massive pollutant
emission on this side. Thus, the TTF with windwesdgestion has@" ped andC" canyon.

Based on the present study, the following suggestare proposed for better air
quality when the TTFs happen: 1) when the TTFs oe@ide the urban street canyon,
more attention should be paid to the pavement®e doshe congested traffic lanes.
Green belts or solid barriers could be plantedsetalled between these traffic lanes
and the pavements to mitigate the local accumudatfopollutants; 2) in terms of air
guality of the whole street canyon, the TTF witmdward congestion is worse. Hence,
more optimization strategies to enhance the véiaige.g., keeping enough building
separation or lift-up design) could be consideosghitigate the pollutant concentration.

In this research, the reduced-scale CFD simulatiodel is used to investigate the
influence of traffic movement. The impact of TTBstésted in a series of ideal street
canyons to reduce the influence variables. As seéigure A6 taken by our previous
study (Tidal phenomenon of urban road traffic ooediin a section of the street canyon
in the 2nd Ring Road of Wuhan, China), the traifial flow usually appears with the
complicated street canyon structure. The influesfaeaffic tidal flow will be tested in
the full-scale realistic street canyons in futurerkv Besides, the currei® number
meets the reduced-scale model's independence epwnt. However, Chew et al.
(Chew et al., 2018) pointed d&¢ number for flow in a street canyon cannot be medch
between reduced-scale experiments and full-scelé fheasurements. Also, Yang et

al. (Yang et al., 2021) found that in some deepdchle 2D canyons, thiRe number
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may reach 18-10'. Thus,Re-independence tests are still necessary when theimnte
of traffic tidal flow in a full-scale model shoulgk in future work.

Appendix

Appendix Al. Effects of non-uniform traffic emissions

Our previous studies have investigated the effeicten-uniform traffic emission
(Li etal., 2020; Ming et al., 2018). Nonetheldss,comparison, this study still attempts
to explore the non-uniform traffic emission undee same incoming condition and
street canyon geometry. Herein, the setting ofnitr@uniform pollutant source stays
consistent with the base case. However, the noierumiTPFT of the base case is not
included.

It's found that the leeward-congestion TTF hagyhdr leeward concentration than
the windward-congestion TTF (Figure Al). Its averagaximum leeward
concentrations are about 14% and 12% higher (TAbje The windward-congestion
TTF results in a higher windward concentration (fFggAl). Its average/maximum

windward concentrations are about 44% and 41% higreble Al).

(@C* (b) Plot of C* at two-side pedestrian level
- J 3 60 T T

1 T T T R
0 4 8 12 16 20 24 28 32 36 40 —e— L-ped (L-congestion)
= L-ped (W-congestion)
50 -—o— W-ped (L-congestion)

— — W-ped (W-congestion)

5 4 pe
/ d_é:s ® . \
] proeen® ha T2 N \
) » N
[ # %)
% ) v
L Reere 2
L V' Q:éf

Figure Al Predicted (a) 'Cat the pedestrian level and on the vertical ceestions,

and (b) plot of pedestrian-level @r different non-uniform traffic emission

Table 1 C difference betweeh- & W- congestion TTFs for different non-uniform

traffic emissions
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Average Average  Maximum  Maximum

Ctlee C*win C*Lee C*win
L-congestion 31.2 13.2 43.8 16.5
W-congestion 26.8 19.0 38.4 23.8
C* difference between
14% -44% 12% -41%

L- & W- congestion (%)

Appendix A2. Grid-sensitivity analysis

The grid-sensitivity analysis is performed agaitist WT. Figure A2 presents
dimensionless streamwise and spanwise velocity coemts along three horizontal
lines at the lateral plane and dimensionless potlutoncentrations on the leeward
surface. The results show that those fine, basid,@arse grids provide almost the
same results of wind velocity and pollutant concaran, especially for the fine and
basic. Furthermore, the grid-convergence index j@@posed by Roache (Roache,

1997) is used to estimate the erroufd« andv/Ue On the basic grid.

r’u,..—u. )/U
GClu — Fs ( basic flne) ref (15)
1-rP ‘
r’(V.o. —Ve.) /U
GCIV — FS ( basic flne) ref (16)
1-rP ‘

whereFs is the safety factor taken as 1.25 when threeaergrids are comparedis

the linear grid refinement (=2),is the former order of accuracy (=R)andv are
streamwise and spanwise mean velocity in one ofwegrids (basic and fine). The
resulted averag&Cl, and GCly for three horizontal lanes is 1.3% and 4.1%. By
analyzing the discrepancy in wind speed and paitutancentration of the three grids
as well as comparing GCI values of the fine andcbasds, it can be concluded that
the basic grid provides nearly grid-independentiliteswhich can be further used for

the remainder of this study.
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Appendix A3. Supplementary figures

Streamwise velocity (nvs) [T TN

-12 -1 -08-06-04-02 0 02 04 06 08 1

Figure A3 Predicted streamwise wind velocity atgbdestrian level and on the vertical
cross-sections for (a) traffic-free case, (b) Lfficacase, (c) W-traffic case, and (d) L-

traffic & W-traffic

Figure A4 lllustration for traffic flow "upstreandnd "downstream”
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Figure A5 lllustration for the direction of bothds! traffic flows under parallel

incoming wind

Figure A6 Tidal phenomenon of urban road traffibdf® was taken on Wednesday, 9

November 2016 at 7:23 a.m.) (Ming et al., 2018)
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1  Figure A7 Comparison of WT results and the simadtd u/U,« andv/U,e« the along

2 three horizontal lines on the vertical corner plgbgu/U,« andw/U e along three
3 horizontal lines on the vertical central plane, &)dC" along 14 vertical lines on the
4 leeward and windward building surfaces
5 Table Al Experimental values of pollution sourceemsity at different times during
6 one day (Ming et al., 2018)
Morning Evening Noon Other Times
Time 8:30-11:30
6:00-8:30 17:30-20:00 11:30-13:00
13:00-17:30
Traffic flow on the left side (vehicle) 62 30 30 16
Driving speed on the left side (km/h) 11 25 25 40
CO emission rate (mg/s) 19.86 22.14 22.15 26.15
Experimental Pollution source intensity
9.93 x 10-7 5.5 x 10-7 5.5 x10-7 3.3 x10-7
Value on the left side (kg/fs)
Traffic flow on the right side
28 72 30 16
(vehicle)
Driving speed on the right side (km/h) 25 11 25 40
CO emission rate (mg/s) 22.14 19.86 22.15 26.15
Pollution source intensity
5.54 x 10-7 1.15 x 10-6 5.5 x10-7 3.3 x10-7
on the right side (kg/fs)
7
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