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Abstract: Air pollution is a major health hazard for the population that increasingly lives in cities.
Street-scale Air Quality Models (AQMs) are a cheap and efficient way to study air pollution and
possibly provide solutions. Having to include all the complex phenomena of wind flow between
buildings, AQMs employ several parameterisations, one of which is the recirculation zone. Goal of
this study is to derive an implicit or explicit definition for the recirculation zone from the flow in
street canyons using computational fluid dynamics (CFD). Therefore, a CFD-Large Eddy Simulation
model was employed to investigate street canyons with height to width ratio from 1 to 0.20 under
perpendicular wind direction. The developed dataset was analyzed with traditional methods (vortex
visualization criteria and pollutant dispersion fields), as well as clustering methods (machine
learning). Combining the above analyses, it was possible to extract qualitative features that agree
well with literature but most importantly to develop quantitative expressions that describe their
topology. The extracted features’ topology depends strongly on the street canyon dimensions and
not surprisingly is independent of the wind velocity. The developed expressions describe areas with
common flow characteristics inside the canyon and thus they can be characterised as an implicit
definition for the recirculation zone. Furthermore, the presented methodology can be further applied
to cover more parameters such us oblique wind direction and heated-facades and more methods for
data analysis.

Keywords: street canyon; atmospheric dispersion models; Large Eddy Simulations; machine learning

1. Introduction

Poor air quality is the cause of many health issues, ranging from problems in the cardiovascular
and respiratory system [1,2], to food-related allergies [3] and even lung cancers [4]. Its impact on the
quality of life [5,6] is indicated by the seven millions deaths in 2012, corresponding to one out of eight
deaths globally [7]. Focusing on city streets, the most direct contribution originates from traffic [8] and
other sources, such as the wood and oil consumption for heating [9], the industry [10] and natural
sources [11]. Naturally, air pollution becomes an important concern for the people who exercise urban
planning and design [12-14].
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Air quality can be assessed by experimental and numerical methods, such as wind tunnel
experiments [15], field measurements [16-18], Computational Fluid Dynamics (CFD) models [19-22]
and Air Quality Models (AQMs) [23]. From those methods, the AQMs require less personnel training
and computational power, compared to experiments and CFD [24], but most importantly they need
minimum weather data. Thus, they can be a fast and economic tool of study for urban planners [25-27].
Herein, emphasis is on AQM and a specific challenge that will be discussed later, therefore, interested
readers are advised to review information on AQM in any of the aforementioned studies.

Regarding their efficiency, street-scale AQMs depend on empirical and semi-empirical
parametrisations and assumptions. One of them is the consideration for the recirculating vortices
that dominate the lower part of the atmosphere between buildings. These flow structures have been
observed in all the relevant experimental and numerical studies and have been found to restrict
the removal of pollutants to the upper atmosphere [15,28-32]. Moreover, the partial recirculation of
pollutants from the downwind to the upwind side results in different concentrations for each side of
the same street [33], with implications on regulatory monitoring and personal exposure assessment.

Street-scale AQMs have parameterised the recirculation either implicitly or explicitly [23,24].
For instance, the STREET-SRI model [34,35] defined a single vortex covering the whole canyon.
Two concentrations were calculated for the upwind and downwind sides of the canyon, by employing
empirical formulas. The recirculation was considered implicitly by the parameters of those formulas,
as they were calculated from field experiments data in cities (i.e., San Jose, CA, USA). Later, the Canyon
Plume Box Model [36] regarded three regions inside the canyon, each with a distinct transport
mechanism: (i) the entrainment of relatively clean air in the downwind side, (ii) the removal of
pollutants by the advective flow in the upwind side, and (iii) the slow pollutant removal from the
middle of the canyon due to a weak diffusive flux. An explicit box model (mass balance) accounted for
the recirculation, the empirical incoming and outcoming fluxes of which came from field observations
in Cologne, Germany.

The STREET-SRI and CPBM were developed based on street canyons with an aspect ratio of
building height to the street width (or AR), close to the unity. For this case a large vortex dominates the
whole flow, with usually three smaller co-existing vortices, e.g., [37-39]. To expand the use of AQMs
to wider canyons, the Operational Street Pollution Model (OSPM) [40] introduced the recirculation
zone. This was defined as a trapezoid box model, whose dimensions were connected to the street
canyon geometry. The ventilation of the box model was assumed to occur through the perimeter
of the trapezium, namely the top and the lateral edges. Thus, for wide street canyons (AR < 0.5),
the pollutants were dispersed through those edges. On the other hand, for narrow street canyons
(AR > 0.5) the lateral edge was further blocked by the downwind building and the pollutants were
dispersed only through the top [33]. The expression of the recirculation as a function of the AR was
also employed in models, such as AEOLIUS [41], ADMS [42] and others [43—-45].

Finally, a different approach was adopted by SIRANE [46,47], which assumed that recirculation
creates a well-mixed region with a uniform pollutant concentration for the whole street canyon. For
SIRANE, narrow roads with AR larger than 1/3 were assumed to be affected by recirculation and thus
treated as street canyons, while wider roads were treated as open terrain.

The current study elaborates on the hypothesis that the recirculation zone is correlated with the
flow characteristics and consequently with the boundary conditions of the problem. Therefore, the
former recirculation zone could be implicitly and directly approximated from the boundary conditions
without the need to conduct intensive numerical calculations (e.g., CFD). Of course, this is not a new
hypothesis and as described earlier street-scale AQMs employed several approaches to model the
effect of recirculation. However, aim of this study is to devise a universal description but implicit
correlation that could eliminate the need of empirical and human interventions (e.g., the 1/3 AR in
SIRANE). Such a description should be (i) based on the systematic analysis of the flow characteristics,
(ii) verified in simple geometries, and (iii) expanded for more complex geometries and in parallel
extending the applicability of AQMs.
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To achieve this, Large Eddy Simulations (LES) were developed and compiled into a hefty dataset
of high temporal and spatial resolution flow and dispersion characteristics of street canyon pollution
scenarios (Section 2.1); in the absence of equivalent field measurements. This large dataset was
processed and analysed using two quite different approaches: vortex visualization (Section 2.2),
and k-means cluster analysis (Section 2.3). The first one has been suggested or utilised in the past
for similar objectives. The latter refers to a technique of the large family of unsupervised learning
methods that are employed in exploratory data analysis. Other methods were also tested but did
not contribute to this work, some are mentioned in the related paragraphs. Initially, the outcomes
from each approach are presented as calculated (Section 3) and later they are combined and discussed
towards the aforementioned hypothesis (Section 4).

2. Methodology

In this chapter, as it was mentioned earlier, the main components of the employed methods are
presented. We exhibit the selected simulation set-up and proceed with the three employed methods to
analyse the velocity field.

2.1. Simulation Set-up

The wind flow inside street canyons will be studied, to examine different ways that the recirculation
zone can be systematically described for a range of aspect ratios H/W (hereafter AR). Hence the focus is
on the area between the two buildings and as a result the quasi-2D set-up will be employed. This LES
set-up effectively studies the case of perpendicular wind direction as the simplest boundary condition
and the most burdening scenario for the air quality [47]. The employed set-up in this paper, has been
extensively utilised in similar projects, e.g., [48-50]. The physical geometry and boundary conditions
are summarised in Figure 1a, while the x-z cross-section of the discretised domain is shown in Figure 1b.
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Figure 1. The quasi-2d street canyon geometry: (a) Physical geometry and boundary conditions; (b) x-z
cross-section of the considered computational grid for canyon with AR = 0.50.
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An LES methodology [51,52] was selected for resolving the unsteady, three-dimensional
incompressible filtered Navier-Stokes equations for continuity and momentum [53], which can
be written in Cartesian tensor notation as follows:

Filtered continuity equations:

di;

&xi =0 (1)

Filtered momentum equations:

ot Ix; pox; Ixj Jxjox;

where 1; is the filtered mean velocity component in the i-direction, u; is the filtered mean velocity
component in the j-direction, x;; is the distance in the i-and j-directions, p is the filtered pressure, v is
the kinematic molecular viscosity, p is the density, ¢ is the time and the subscript indices 7, j (= 1, 2, 3)
denote the three space coordinates and 7;; is the subgrid-scale (SGS) stress tensor.

The SGS stress tensor represents the sub-grid part of turbulence and is modelled with the
Boussinesq approximation:

1 1 =
Tij = 3 Tkk0ij + 3 Tkkdij = ~20sgsSij ®)
—_——— N————
deviatoric isotropic

where the isotropic part is embedded in the modified filtered static pressure term, while the deviatoric
part is assumed to be proportional to the resolved strain rate tensor S;;, through the eddy viscosity, vsgs.
The resolved strain rate tensor §i]~ is written as:

Y L ]
l]_2 83(] 8xi

vl

)

The eddy viscosity vsgs is modelled with the k-equation model by Yoshizawa and Horiuti [54], by
resolving the transport equation of SGS kinetic energy, ksgs = %(ukuk — Ujly):

aksgs aksgsﬁj J aksgs = kgész
oy (ij[(HUSgS) o7 ; ]_ TSty = Cey ©)
and the eddy viscosity is given as:
Usgs = CkkggszA (6)

where Cy (=0.094) and C, (=1.048) are the model constants and A is the filter width, associated with

the cell dimensions A;, A = (AxAyAz)m’ . The terms in the right hand of Equation (5) represent the

diffusion, production and dissipation of ksgs, respectively. The constants Cy and Ce are calculated with

the assumption of balance between SGS energy production and dissipation rates [55]. The transport

equation implies that the historic effects of production, dissipation, and diffusion of the ksgs are captured.
Finally, the dispersion of the pollutant is resolved with a convection-diffusion equation:

@)

= 3. Dtotal g
i

X, AuC) 5 .,
ot ox; a ox;

where C is the pollutant’s concentration, P are the characteristics of the pollutant source (i.e., geometry

and emission rate) and Dy, is the total diffusion coefficient:

Usgs

D =D
total + SCt

®)
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where D is the molecular diffusion coefficient and Sc; is the turbulent Schmidt number. The value of
Scy is taken equal to 0.7, in accordance with previous atmospheric dispersion studies [56,57], while
D is equal to 1.64-107> m2-s~1, which is the molecular diffusion coefficient for CO, at 25 °C [58], as a
typical pollutant.

For the implementation of this set-up, the coupling of pressure and velocity is solved by
the Pressure-Implicit with Splitting of Operators (PISO) algorithm [59]. The solver is provided by
OpenFOAM 5.0 [60] as pisoFoam and is modified to resolve the convection-diffusion equation for
a passive scalar, at every time-step. A scalar pollutant source in the middle of the canyon was
implemented for each studied case, with the topoSet utility of OpenFOAM. The pressure equation is
treated implicitly by the PCG solver using the DIC preconditioner, while the momentum equations
are resolved by a simple solver, namely smoothsolver in OpenFOAM, along with the GaussSeidel
smoother. All the terms of the equations were discretised with second-order numerical schemes as
suggested [61]. The time first derivative is discretised with the backward difference scheme (backward
in OpenFOAM), while the UMIST scheme [62] is employed for the convective terms. The gradient and
the Laplacian terms are discretised using the central difference schemes, Gauss linear and Gauss linear
corrected [60], respectively.

At the top of the domain, the symmetry boundary condition (symmetryPlane in OpenFOAM) was
set, following the common practice for the quasi-2D set-up, e.g., [37,56,63]. This means that the normal
velocity on this patch is assigned to zero and for the scalars there is a zero-normal gradient.

Periodic (cyclic in OpenFOAM) conditions are used for the streamwise and the spanwise directions,
again as the common practice for the quasi-2D configuration. The recycling of the random small
velocity vectors for the spanwise direction is not affecting the main flow. The desired streamwise
velocity is achieved by using the patchMeanVelocityForce (in system/foOptions) utility that provides
the necessary driving force in the form of a pressure gradient. The recycling of pollutants in the
streamwise direction is countered, by overwriting C at the inlet patch, at every time-step with the
utility scalarFixedValueConstraint. As the simulation of the wind flow evolves with time, gradually the
turbulence inside the street canyon dissipates forming the expected recirculating vortex, while the
turbulence in the upper atmosphere creates a realistic wind profile.

The wall boundaries were set to no-slip condition for the velocity field (fixedValue in OpenFOAM):

ﬁiZO,'ﬁ]'ZO,'ﬂk:O (9)
The fixed gradient (zeroGradient in OpenFOAM) was used for the scalar parameters:

C9p

dp . dp
=0 —

Q_xi_ ’(9x]-_0

0 (10)
where @ is the scalar quantity, i.e., p, vsgs, and C.
For the treatment of the flow near the walls, we applied the logarithmic wall function
nutkWallFunction as implemented in OpenFOAM:
Kyt
v = { ey ) v
where k = 0.41 is the von Karman’s constant and E = 9.8 is a constant that describes the velocity profile
near the wall. y* is the dimensionless wall distance, being defined as u*-y/v, u* is the friction velocity
and y is the distance from the wall. The vsgs is estimated using Equation (12) for values of y* > 11,
or else it is assumed that vsgs = 0.

The domain was discretised with a fully structured and hexahedral grid, with 120 cells per
building height. For instance, in the case of building height to street width AR = 0.5, W is discretised by
240 cells, while the height and width of the buildings are constantly discretised with 120 and 60 cells,
respectively. This depth of the street canyon satisfies the demand for three-dimensional LES [61]. The
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employed grids for AR =1, 0.50, 0.33, 0.25 and 0.20 are 2,592,000, 4,320,000, 6,048,000, 7,776,000 and
9,504,000 cells, respectively.

The 19 studied combinations of AR and reference velocity are compiled into a comprehensive
dataset. The scenarios are presented in Table 1 and for the rest of the paper, these cases are encoded
using both numbers, e.g., U7AR025 for Uyef =7 m-s~' and AR = 0.25, U1.5AR100 for U, = 1.5 m-s~!
and AR =1, etc.

Table 1. The reference velocity (Uy.f), aspect ratio (AR = H/W) and encoding for the studied cases.

U,es AR Code
1.5 0.25 U1.5AR025
1.5 0.33 U1.5AR033
1.5 0.50 U1.5AR050
1.5 0.67 U1.5AR067
1.5 1.00 U1.5AR100
3 0.25 U3ARO025
3 0.33 U3ARO033
3 0.50 U3ARO050
3 1.00 U3AR100
5 0.20 US5ARO020
5 0.25 US5ARO025
5 0.33 US5ARO033
5 0.50 US5ARO050
5 0.67 U5AR067
5 1.00 US5AR100
7 0.25 U7AR025
7 0.33 U7ARO033
7 0.50 U7AR050
7 1.00 U7AR100

The workflow to arrive to this LES set-up was presented and discussed in our previous paper [64].
In this paper, comparisons are presented for the unity street canyon U5AR100 for the middle of the
canyon with x/W = 0.50. The average horizontal (Umean/Uref) and vertical velocities (Wmean/Uref), and
their standard deviations (oy/Uyer and ow/Usef) are presented in Figure 2. For comparison, there are
also presented experimental data from Brown, et al. [65] at Re = 30,000, Li, et al. [66] at Re = 12,000
and from Chew, et al. [67] at Re = 62,000. Furthermore, the LES data with 96 cells per building height
are presented from Li, Liu and Leung [49], to have a comparison with another LES. Finally, the wind
tunnel experiment at Re = 67,000 and the LES with a discretisation of 400 cells per building height and
street width, are presented from Kikumoto and Ooka [68].

The comparison between U5AR100 and the numerical and experimental data is excellent for the
horizontal velocity Umean/Uref for LES and experimental data, as shown in Figure 2a. The comparison
for the vertical velocity Wmean/Uref in Figure 2b has some discrepancies. It is excellent in agreement
with the LES data by Li, Liu and Leung [49]. On the other hand, it is problematic for the comparison
with the three available experimental data sets. This was also pointed in our previous work [64] and
occurs for x/W = 0.50, while the comparisons are excellent for x/W = 0.25 and 0.75 (not presented here).
Nevertheless, all the tested SGS models and even the denser mesh (180 cells per height, instead of 120)
did not solve the problem, but all the other validation metrics (i.e., LES_IQ,, FAC2, NMSE) were within
the acceptable limits [64,69,70].

The comparison for the standard deviation of the horizontal velocity oyy/Uyes in Figure 2c¢ is also
excellent between US5AR100 and the experimental work from [66] for the whole range of z/H, while
is good for the height of the building with the high resolution LES by Kikumoto and Ooka [68]. It
should be considered that their grid resolution is far greater than ours (400 instead of 120) and still the
results are comparable in accuracy. Finally, the standard deviation of the vertical velocity oyw/Uyes is
in good agreement with the numerical and experimental data in Figure 2d. From these comparisons
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and previous [64], the agreement between the current LES and the experimental and numerical data is
judged as satisfactory.
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Figure 2. Numerical and experimental data for the unity street canyon: (a) average horizontal velocity
(Umean/Uref); (b) average vertical velocity (Wmean/Uref); (¢) standard deviation of the horizontal velocity
(ou/Uyef); (d) standard deviation of the vertical velocity (ow/Uref)-

2.2. Vortex Visualisation

The goal of this study is to find common characteristics for the flow, between canyons with
different AR and connect them in a systematic description for the recirculation zone. Thus, the first
approach will be the visual comparison of the flow fields. To make flow structures more obvious and
objective, standard visualisation tools are applied. Streamlines are the most common, they represent
the path of passively transported particles, and highlight the shape of vortices, but do not always
define the vortex with clarity. Thus, further vortex identification criteria will be employed, to indicate
the existence of stable vortices [71,72].

Vorticity is the curl of velocity @ = VX 1 and aims to visualise the local spinning motion of the
flow. More advanced criteria, such as Q and A,, analyse the local gradient velocity tensor, defined as
Vi = S% + 02, where S and Q are the rate-of-strain (symmetric) and vorticity (asymmetric) tensors,
respectively. For example, the A; criterion [73] assumes the vortex centre to exist in regions of minimum
pressure, when the effects of unsteady straining and viscosity are removed. It is assumed to occur
when the second largest eigenvalue (namely A,) of S? + O is negative. Similarly, according to the Q
criterion [74], a vortex exists where the vorticity magnitude is larger than the strain rate magnitude [75].
This occurs for positive values of the second invariant of Vu ,le, Q= %(HQH2 - ||S||2) > 0. These
methods have been implemented for the identification of vortices into atmospheric flows for both
low [76] and high Re numbers [77-79].
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2.3. K-means Clustering

The results of vortex visualisation criteria revealed that all of them required some user-intervention
to classify the flow regions into usable sets. However, this requirement is against our goal to derive
a user-free classification of the flow characteristics. Since, our goal is the literal division of the
street canyon geometry into regions with “similar” flow characteristics, the application of clustering
methodologies was a reasonable next step.

Clustering techniques are a widespread tool in data analysis and have been recently utilised in
fluid dynamics [80]. Some applications were also recorded in the general study of air quality problems.
The k-nearest method was used to classify the level of air pollution as high, medium and low in
18 monitoring stations in Shanghai [81]. The selected parameters for clustering were the average daily
and hourly concentrations of 8 pollutants and a series of urban form characteristics. Similarly, the
k-means method was used to classify road traffic, according to travel speed, composition of vehicle
fleet and fuel type [82]. Finally, the size of airborne particles was divided in groups in order to extract
their characteristic sizes and to simplify the further study [83].

Multiple clustering methodologies were tested, employing the most import flow properties that
exist in the quasi-2D geometry, i.e., the average horizontal and vertical velocities U and W and the
concentration C. The employed methods were the k-means [84], DBSCAN [85], Ward [86], Birch [87]
and Mean Shift [88]. For the implementation of all the examined methods, we used the scikit-learn
Python library [89], while the data was processed using Python v3.6.

Among them, the k-means clustering method presented the most consistent results, i.e., continuous
regions that appeared systematically for the studied street widths. For this method to work, the user
needs to assign a specific number of clusters, in which the observations will be divided, e.g., four
for our case. The method begins by randomly characterising the same number of group centres (i.e.,
four) and calculates the average distance of each centre to its neighbouring observations. The average
distance of the observations to the centre is calculated. Then, the method iteratively reassigns centres
to other observations, so that the average relative distance of each cluster’s data observations, to the
selected cluster centre is minimised [90].

3. Results

3.1. Vortex Visualisation

In this section, we present the visualisations of the velocity flow, the pollutant dispersion field and
the vortex visualization criterion A,. Figure 3 depicts the flow and dispersion statistics for the cases
U5AR100, USAR033 and USAR020. More specifically, it is observed that in USAR100 (Figure 3a) a single
vortex dominates the whole street, which occurs also for AR = 0.67 (see Figure S1 of supplementary
material), indicating the skimming flow regime. For wider canyons, e.g., USAR033 and U5AR020 in
Figure 3b,c the pattern consists of a large vortex attached in front of the downwind building and one
or more weaker vortices behind the upwind one, indicating the wake interference flow regime.

The A, and Q criteria resulted to almost the same outcome, so only the first is presented. The A, is
plotted for the three ARs in Figure 3d—f, for the values in the range of 0-0.001. Thus, the larger vortices
are highlighted and the smaller rotational flows (but not complete vortices) are bypassed. For the
cases USAR100 and U5AR033, the areas highlighted by A, correspond to the vortices shown by the
streamlines Figure 3a,b. This does not occur for USAR020, as only the part of the highly rotational flow
in front of the downwind building has been identified (Figure 3c). This is indicative of a stretched
and less rotational vortex, as the canyon becomes wider and the flow regime begins transitioning to
isolated roughness.



Atmosphere 2019, 10, 794 90f18

mag(]mean/
i Uref
1.00
- 0.86
0.71
0.57
0.43
0.29
0.14
0.00

Cmea.n/cmax
0.25
0.22
0.18
015
0.11
. 0.08
0.04
0.01

Wmezm/ Uref

0.19
0.12
" 006
B -0.01
-0.07
-0.14
-0.20

Figure 3. Basic flow and dispersion statistics for the street canyons U5AR100, USAR033 and U5AR020
(left to right): (a—c) the average dimensionless magnitude of velocity magUmean/Uyef; (d—f) the A,
vortex identification criterion; (g—i) the normalised concentration Cmean/Cmax; (j-1) the dimensionless
vertical velocity Wmean/U,ef; the street canyon orientation is the same as Figure 1.

In Figure 3g, the concentration Cmean/Cmax is larger for USAR100 as expected, which can be
attributed to the skimming flow regime, with the higher concentrations appearing at the upwind side.
On the other hand, for USAR033 and U5AR020 Figure 3h,i, the concentration is lower, indicating a
better street ventilation. The higher concentration values are located near the source, in the middle of
the canyon and close to the ground, because of the weaker flow at this point. For all the cases, the field
of dispersion for the scalar pollutant covered the area of the canyon from the location of the source (in
the middle) up to the upwind building. Finally, for the vertical velocity Wmean/Uret Figure 3jk, the
larger positive values are observed in front of the upwind building for USAR100 and in the middle of
the canyon for USAR033 and U5AR020. This is the location where the main vortex ends for all cases.
The results of the methods described in Section 2.1, provided some basic and qualitative information
about the characteristics of the flow and dispersion for the studied cases. The best intuitive case
for the recirculation zone was provided by the dimensionless concentration Cmean/Cmax, Figure 3g—i.
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Nevertheless, none of these methods provide enough quantitative and systematic indicators that could
lead to a user-free definition of the recirculation zone etc.

3.2. K-means Clustering

The k-means clustering method was applied for the two main components of the quasi-2D flow,
i.e., the horizontal and vertical normalised velocities Umean/Uref and Winean/Uret- The data observations
were collected from each one of the computational cells inside the street canyon area, i.e., less or equal
than the building height. The flow along the y-axis (see Figure 1) was examined and found to be
similar throughout the domain, so one x-z slice of cells in the middle of the y-axis was selected, at y
equal to ~2.5 m out of the total 5 m for this dimension. This resulted to total cells: 14,400 for AR = 1;
21,600 for AR = 0.67; 28,800 for AR = 0.50; 43,200 for AR = 0.33; 57,600 for AR = 0.25; and 72,000 for AR
= 0.20. The k-means method requires the clusters’ number to be determined by the user, so trials were
conducted with 2, 3, 4 and 5 clusters. The selection of 4 clusters proved to give consistent results and
was also selected for a possible comparison with the four events typically recognised in the quadrant
analysis method [91].

Figure 4a—c depict the usual scatter plots of the Umean/Uref and Wmean/Uref Observations after
being classified using the k-means technique. On these charts, each pair of points reflects the calculated
Umean/Uref and Wean/Uret values at a given location on the selected x-z slice (see Figure 1) while
arbitrary colours have been used to represent the cluster that each point belongs to. To assist on the
interpretation, this information has been transferred to the x-z slice itself (i.e., the physical space) which
resulted in Figure 4d—f where each point of the previous figures retains its colouring. In other words,
each point on the x-z slice was coloured according to the cluster that it belongs to. From this process,
four distinct regions emerge for all the studied cases, representing each created cluster. There are also
some smaller detached regions, such as the ones in the lower right side of the canyon in Figure 4e f.
These will be ignored hereafter, for the subsequent application of the regression techniques.
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Figure 4. Results of the k-means clustering with four clusters, for Umean/Uyef and Wmean/Uret, for the
street canyons USAR100, USAR033 and USAR020 (left to right): (a—c) scatter plots; (d-f) contour plots;
the street canyon orientation is the same as Figure 1.

The exact same patterns Figure 4a,d were observed in all cases for AR =1, i.e,, UL.5AR100,
U3AR100 and U7AR100. Although the pattern changes for the rest of the aspect ratios i.e., AR = 0.67
up to 0.20 it is again similar in all of them with well-defined oval clusters to occupy the top, right and
bottom regions of the street canyon. Noteworthy, the velocities (i.e., Reynolds number) did not have
any profound impact on the location and size of the clusters, thus not shown here. The same pictures
for USAR067, USAR050 and U5AR025 are presented in Figure S2 of the Supplementary Material.
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4. Discussion

Previous sections presented the compiled dataset and the outcomes of the main methods employed
to analysed it, towards the central hypothesis of this work. That is the implicit definition of the
“recirculation zone” and of other characteristic regions inside a street canyon using only information
of boundary conditions i.e., buildings” geometry and prevailing wind. In this context, analysis of
the visualization criteria (Section 3.1) could identify the shape of the main vortices by combining the
streamlines and A,. However, these did not match with the concentration equivalent visualization
criteria, because the latter depended heavily on the exact location of the source (simulation and analysis
results not shown here). Although, this analysis did not yield quantitative results it strongly indicated
that emphasis should be given on the flow characteristics rather than the dispersion characteristics,
otherwise, the boundary condition for the source should be considered. Thus, in the remaining of the
paper, the study will focus on the analysis of the velocity field.

The k-means methodology (Section 3.2) yielded very consistent results, an example of which is
shown in Figure 4d—f. Figure 5 combines the results of the k-means clustering for all 19 combinations
of AR and reference velocity using normalised lengths (z/H and x/W). The well-defined boundaries of
each identified cluster were extracted using image analysis techniques and arbitrarily numbered from
1to4,i.e., 1 for the left, 2 for the top, 3 for the left and 4 for the bottom region. For brevity, the regions
of each cluster will be referred as REG1, REG2, REG3 and REG4. Moreover, for the cases with AR =1,
REG1 and REG4 are neglected, because AR = 1 is a special case of street canyons with a singularity
concerning the recirculation zone since it is expected to cover the whole canyon.

] A —uisario0
27 - - U3ARI00
--—U5ARI100
e UTARI00

UL.5AR067
USAR067

0.75

—UL.5AR050
= —U3ARO050
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-—USAR033
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025 UL5AR025
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—US5AR020

0 0.25 0.5 0.75 1

Figure 5. The combined results of the k-means clustering for all 19 combinations of AR and reference
velocity U,.¢, using normalised lengths (z/H and x/W) with the four clusters denoted.

In more details, REG2 covers the whole shear layer in all cases while its area and shape change
very slightly and only to “adapt” to changes in REG3. In contrast, the areas of REG3 and REG4 change
drastically following AR changes. Specifically, their shape remains the same, but it shrinks as AR
decreases. Noteworthy, both the shape and area of REG3 and REG4 appear independent of the U,
except for AR = 0.33 where the REG3 area decreases as the velocity increases.

To take advantage of these observations and of the clusters’ topology remaining constant, the area
covered by each cluster was calculated for each studied case, employing the normalised dimensions
(with x/W and y/H dimensions), like the ones presented in Figure 4d—f. An exploratory least-squares
regression analysis was conducted using AR and U,.f as independent variables and the areas of REG1,
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REG2, REG3, and REG4 as independent. As expected, the areas showed a strong dependence on the
AR of the canyons and a negligible one for Uy

Among the different combinations of variables that were tested three obtained the highest
correlations (R?): the area of REGS3, the ratio of REG3/REG2 areas, and the sum of areas REG1 and REG3.
Figure 6 shows these combinations and their dependence on AR. The related linear expressions are:

REG3 = 0.08-In(AR) + 0.18 (R = 0.98) (12)
REG3/REG2 = 1.3-AR (R® = 1) (13)

REGI + REG2 = —0.37-AR + 0.81 (R2 = 0.91) (14)
REGI + REG2 + REG3 + REG4 = 1 (15)

where REG; (i =1, 2, 3 & 4) is the region covered by each cluster i in the normalised street canyon with
x/W and y/H and total area equal to unity. The first three Equations (12)—(14) come from the studied
combinations and the fourth (15) is the overall balance, to guarantee that the total street canyon area
remains constant. In the Table S1 of Supplementary Material, we included the rest of the equations
with the highest R?, which were derived during the search for the appropriate relationships.
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Figure 6. Selected relations between the area covered by the four regions and the AR: (a) AR and REG3;
(b) AR and REG3/REG2; (¢) AR and REG1+REG2.

Specifically, REG3 matches with the space where the entrainment of cleaner air happens and REG2
corresponds to the shear layer, also regarded as a location with high turbulence. The combination
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of these two (REG3 and REG2) represents the whole area of the canyon affected by the external
wind. Based on the earlier analyses, REG1 and REG4 could also represent some of the other physical
phenomena in the street canyon pollutant dispersion. For example, REG4 could represent the street
canyon space where a pollutant is traversed and convection dominates. REG1 could represent the
space where the pollutant is recycled and turbulent diffusion dominates. Meaning that either REG1
or combined REG1 and REG4, since REG1 engulfs REG4, reflect the overall recirculation zone. This
understanding, along with the explicit definition of REG1, REG2, REG3 & REG4 in any street canyon
could drastically improve the empirical formulation in street canyon pollution models. Nevertheless,
the above formulations need to be tested for more AR (e.g., AR > 1 tall buildings and narrow streets)
and most importantly for oblige wind directions.

5. Conclusions

The goal of this study was to derive an implicit or explicit definition for the recirculation zone,
an important information for street canyon air quality models. A total of 19 street canyon cases were
simulated with LES and transient data (velocity components and concentration) were obtained for
AR(=H/W) from 1 to 0.20 and Reynolds number from 960,000 to 4,500,000 and a line pollution source
in the middle of each canyon. These simulations cover an important portion of the actual conditions
met in street canyons, with the exception of oblique, non-perpendicular wind flows. These data were
analyzed with two categories of methods: common visualization criteria, and k-means clustering.
Other methods, like the characterization of velocity components as events, according to quadrant
analysis, were also tested. They did not contribute to this work and thus not presented herein.

The first two methods were able to qualitatively highlight the flow patterns inside the street
canyon but did not yield any quantitative outcomes. For example, the values of A, showed a drop in
the power of the main vortex from AR = 1 to 0.2, which is attributed to the velocity resembling the flow
of an open field, as the canyon gets wider. Furthermore, the dispersion fields of the scalar pollutant
covered the part of the canyon from the pollutant source in the middle up to the upwind building, for
all the studied canyons. This did not provide an intuitive division of the street, that could help us
identify the recirculation zone and the method was not further pursued.

On the other hand, the k-means technique consistently identified four clusters, each located
at a distinct location in the street canyon. The topological information of these clusters matches to
some extent the expected physical phenomena in a street canyon. Therefore, the clusters were further
analyzed with an exploratory and regression analysis leading to a set of four Equations (12)—(15)
that can explicitly define the location and size of each cluster within the canyon. Accordingly, these
equations can be used to define the recirculation zone inside street canyons along with other zones of
similar interest. In other words, using as input only the AR of a street canyon an AQM can recreate the
identified topology (Figure 6), without the need to recalculate the flow field. Furthermore, the four
regions can be connected with results of pollutant dispersion fields or of additional correlations, in
order to arrive to practical expressions for the pollutant dispersion, as a function of AR.

In comparison to past efforts, (see for example [23,24]) the proposed topology and equations are
considered a step forward because they (a) can capture more characteristics of the flow, within a street
canyon, than the previous over simplified approaches, (b) require minimum or no user intervention,
and (c) could be expanded further to cover other cases and geometries of interest.

At the same time, the latter leads to one of the main limitations of this study that is the lack of more
complex street pollution configurations contributing into the regression analysis, like oblique wind
directions, heated facades and complicated building envelopes. Moreover, the inclusion of additional
aspects will increase drastically the dimensions of the analysis and consequently will become more
challenging to extract meaningful and usable expressions. The other and main limitation of this study
is the absence of practical testing and evaluation of the proposed approach with the use of an AQM,
which will be attempted in the near future. Nevertheless, we believe, that the analysis presented
herein can contribute significantly on the improvement of empirical and operational street canyon
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pollution modelling. In addition, the presented methodology could be employed to understand other
or similar systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/12/794/s1,
Figure S1: Basic flow and dispersion statistics for the street canyons USAR067, USAR050 and U5AR025 (left to
right): (a—c) the average dimensionless magnitude of velocity mag Umean/Uyef; (d—f) the A, vortex identification
criterion; (g—i) the normalised concentration Cmean/Cmax; (j-1) the dimensionless vertical velocity Wmean/Uref,
Figure S2: Results of the k-means clustering with four clusters, for Umean/Uyer and Wmean/Uyef, for the street
canyons U5AR067, USAR050 and US5AR025 (left to right): (a—c) scatter plots; (d—f) contour plots, Table S1:

Compilation of the regression analysis results, showing the equations with the highest R? explored.
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