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Abstract: Urban outdoor ventilation and pollutant dispersion have important implications for urban
design and planning. In this paper, two urban morphology parameters, i.e. the floor area ratio (FAR)
and the building site coverage (BSC), are considered to investigate their quantitative correlation
with urban ventilation indices. An idealized model, including nine basic units with FAR equal to 5,
is considered and the BSC is increased from 11% to 77%, generating 101 non-repetitive asymmetric
configurations, with attention to the influence of plan density, volume ratio, and building layout on
ventilation performance within urban plot areas. Computational Fluid Dynamics (CFD) simulations
are used to assess the ventilation efficiency at pedestrian level (2m above the ground) within each
model central area. Six indices, including the air flow rate (Q), the mean age of air (τP), the net
escape velocity (NEV), the purging flow rate (PFR), the visitation frequency (VF), and the resident
time (TP) are used to assess the local ventilation performance. Results clearly show that, fixing the
FAR, the local ventilation performance is not linearly related to BSC, but it also depends on buildings
arrangement. Specifically, as the BSC increases, the ventilation in the central area does not keep
reducing. On the contrary, some forms with low BSC have poor ventilation and some particular
configurations with high BSC have better ventilation, which indicates that not all high-density
configurations experience poor ventilation. The local ventilation performance can be effectively
improved by rationally arranging the buildings. Even though the application of these results to
real cities requires further research, the present findings suggest a preliminary way to build up a
correlation between urban morphology parameters and ventilation efficiency tailored to develop a
feasible framework for urban designers.
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1. Introduction

The urbanization process in the past few decades has accelerated the increase of urban density,
which leads to significant differences between urban morphology and original form in natural
conditions (such as number of streets, height of buildings, void spaces, etc.). Due to the compact urban
spaces, air pollutant cannot be diluted and dispersed in time, causing a series of health problems [1].
With this rapid expansion of cities, especially for some developing countries, the relationship between
the urban building density and the urban local wind environment has increasingly become the focus
of attention. The density and morphological characteristics of buildings play an important role in
the local ventilation performance and the dispersion of pollutants. Especially, in central space that
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is surrounded by buildings with a high density of pedestrians, the ventilation performance is very
important for their comfort and health.

Urban outdoor ventilation related to urban morphology can be assessed by full-scale field
measurement, reduced-scale wind-tunnel or water channel experiment, and Computational Fluid
Dynamics (CFD). With regard to full-scale field measurement, it depends on the meteorological
conditions and sufficient measurement points to cover the areas with pivotal turbulence characteristics,
especially for a large district [2,3]. Reduced-scale experiment and CFD can provide a controllable
initial and boundary conditions [4]. However, wind-tunnel and water channel experiments are
limited by the numbers and density of selected positions in order to gain the whole characteristics
of flow field. When compared to reduced-scale experiments, CFD allows for providing the whole
flow field data within the cells of the computational domain. Especially in recent years, with the
turbulence models, computational resources and the development of best practice guidelines continued
to increase [5,6], CFD has gradually become a widely used method to evaluate urban ventilation and
pollutant dispersion. However, validation and verification are critical concerns for assuring the
accuracy and the reliability of CFD simulations [7,8].

In the past 20 years, a large substantial series of ventilation efficiency indices have been proposed,
validated, and applied to assess the local outdoor wind environment of urban areas. Ventilation
indices initially developed and applied for indoor air quality [9–12], such as local mean age of air,
air change rate, air exchange efficiency, purging flow rate, visitation frequency, and the residential
time, were extended to predict outdoor urban ventilation [13–17]. The local mean age of air (τP)
implies the time that one air particle reaches the given point in the specific domain after entering
the flow field. A low value of local mean age of air illustrates well pollutant removal capability and
a lower pollutant concentration within urban canopy layer The air change rate (ACH) refers to the
frequency with which a given canopy volume of air is completely replaced by “fresh” air, and the
air exchange efficiency (εa) denotes the efficiency of flushing the street network with external air.
A high level of the two indices implies that much fresh air flushes the given volume and a better wind
ventilation performance. The purging flow rate (PFR) quantifies the capacity that the pollutant is
completely removed from a specific volume (i.e. the canopy layer) and a lower value indicates poor
ventilation within the canopy. The visitation frequency (VF) is the number of times that a pollutant
enters the domain and passes through it [13]. A high visitation frequency indicates high level pollutant
concentration. Finally, the residence time (TP) is the time that a pollutant takes from once entering
or being generated in the domain until leaving the domain [18]. While the above mentioned indices
have been originally proposed to evaluate indoor air quality, other indices proposed directly for the
urban street canyon model and asymmetric real city model are the exchange velocity, the pollutant
exchange velocity, the net escape velocity, and the air delay [19–26]. The exchange velocity (ue) and the
pollutant exchange velocity (ue,pollutant) focus on the turbulence diffusion between the in-canopy and
above-canopy flows. They parametrize the mean convective exchange fluxes at the rooftop level and
are usually related to the so called “city breathability”. Based on the concept of PFR in urban areas,
the net escape velocity (NEV) was proposed to reflect the net pollutant removal capability from the
specified volume by mean flow and turbulence diffusion. The air delay (τd) is a recent optimization
measure that is independent of the initial values, as it presents the amount of time delay that is caused
by the presence of the urban geometry in each point inside the domain [26].

By employing some or a combination of the above indices, several studies have investigated
the relationship between geometric parameters and ventilation efficiency [21,27–31]. Various studies
focused on idealized urban models and real-complexity urban models of different planar area density
(λp) and frontal area density (λf) [16,24,32,33]. However, for urban designers and planners, key factors
also involve economics, policy, and urban development strategies. In this perspective, in the early
planning stage the floor area ratio (FAR) of urban plot is determined first, and the relationship
between building site coverage (BSC) and ventilation performance in a specific area is evaluated [34].
Kubota et al. [35] collected the building coverage ratio (BCR, means BSC in this paper) and the FAR
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of 22 actual Japanese cities and used wind tunnel experiments to explore the relationship between
BCR and wind velocity ratio. Results have shown that the average pedestrian-level wind velocity
can be explained well by the BCR rather than by the FAR. Moreover, the FAR and the BSC have been
employed by previous research to investigate the relationship between urban fabric and outdoor wind
environment, especially in high-density urban areas [33,36,37].

Within this context, the two urban morphology parameters FAR and BSC are here considered
to investigate their quantitative correlation with six urban ventilation indices. An idealized model,
including nine basic units with FAR equal to 5 is considered; the BSC is increased from 11% to 77%
generating 101 non-repetitive asymmetric configurations. Computational Fluid Dynamics (CFD)
simulations are performed to assess the local ventilation efficiency at pedestrian level within each
model central area. Here, the pedestrian level is taken at z = 2 m, as commonly employed in previous
ventilation studies [13,15,24,26,38–41].

2. Methods

2.1. Description of Urban Blocks Morphology Characterists

As mentioned in the Introduction, during the early stage of urban planning and design, the
floor area ratio (FAR) is usually fixed, being closely related to costs, benefits, development strategies,
etc. The main factors affecting the morphology include the building site coverage (BSC) and the
architectural arrangement. FAR represents the ratio between total floor areas and lot area, as indicated
in Figure 1, which also shows the definition of BSC.
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than in streets. 

Figure 1. Description of floor area ratio (FAR) and building site coverage (BSC). The yellow area is
the plot area considered in this paper (which can be covered by buildings), while the blue area is the
central area which cannot be covered by buildings and where the ventilation indices are calculated.

Here, an idealized model consisting of nine basic units in the plot area is considered, where each
unit size is a 30-meter square. The central square (unit) is the area that cannot be covered by buildings
(“central area” hereinafter) and is the area where the ventilation indices are calculated, while the other
eight units surrounding the central area may be covered by buildings. FAR is fixed to 5, and the initial
BSC is 11%, meaning that there is only one high-rise building. Meanwhile, there are five possibilities
for the position of building in the whole plot area (excluding symmetry conditions). The central
area represents a typical square that is surrounded by buildings of different height and arrangement.
Ventilation in this area is worth of investigation since people spend more time here than in streets.
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Thus, in order to explore the correlation between morphology and ventilation performance of
the central area, all possible configurations in the plot area are considered, as shown in Figure 2.
According to the architectural layout around the central area, the model is divided into “C form” and
“B form”. The C form means that the front and back directions of the central area are not blocked and a
channeling effect is expected. The B1~B3 form means the number of buildings along the windward
projection. The B(F1~F3) form means the number of building front (in the first two rows) along the
windward projection. An approaching wind direction perpendicular to building façades is considered,
as it is commonly associated with the worst scenario, leading to high pollution levels around the
single building, in street intersections, and in the perpendicular streets [42,43]. As a consequence,
the symmetrical configurations along the east-west direction are excluded. When BSC increases from
11% to 77%, 101 different asymmetrical configurations are generated in total. Please note that the
building height diminishes moving from BSC=11% to 77%, specifically they are 135 m, 69 m, 45 m,
36 m, 27 m, 24 m, and 21 m, respectively.
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Conceptually, BSC is similar to λp. Here, BSC is employed in conjunction with FAR that limits
the volume plot ratio, as typically done when a new building arrangement has to be built in China.
Even though in the literature there are several studies relating λp to ventilation performance (see the
Introduction), here we recognize that actually many possible combinations are available for the same
λp (and thus BSC) for a given urban plot. Further, in Chinese cities, such as Nanjing, even in dense
commercial plots, there are still some multi-storey or low-rise buildings surrounding the high-rise
buildings. In this case, the corresponding urban texture becomes quite fuzzy. In this case, λp and λf
may not clearly quantify the urban morphological characteristics of the fuzzy urban slice. With the
morphological complexity, such as lift-up, road network inside the plot, etc., more parameters might
more clearly describe the morphological characteristics of a specified area, such as FAR and BSC
employed here. Finally, here we analyze the ventilation performance using six different ventilation
indices (described below) and attempt to provide some suggestions about the indices that mostly
correlate with urban morphological parameters.

The ventilation of the whole area, i.e. the city potential of removing pollutants and other scalars,
is determined by the resistance generated by buildings, which usually implies that flow through the
city downstream exit is lower than that entering the city upstream [16]. This is due to the drag force
generated by the whole arrangement of buildings and cannot discriminate the single building [44].
From a practical and architectural perspective, the cases analyzed here mimic a real situation that
an urban planner is faced with when a lot area of a given (fixed) size and FAR is allocated to the
development of new built areas, where BSC and layout have to be chosen to optimize the ventilation.

We underline that idealized geometries have been here considered here to better isolate and
elucidate the effect of changing BSC and building layout on ventilation and to evaluate the sensitivity
of six different ventilation indices.
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2.2. Description of the Outdoor Ventilation Efficiency Indices

The six ventilation indices employed to evaluate the ventilation in the central area are briefly
described below.

The flow rate (Q) represents the capability of pollutant dilution through street openings and its
roof by wind flow [15]. It is defined as:

Q =
∫
A0

udA0 (1)

Flow rates through street openings and roof are normalized by a reference flow rate (Q∞) (the flow
rate far upstream through the same area of the windward opening), as follows [15]:

Q∞ =
∫
A0

u∞dA0 (2)

Q∗ =
∫
A0

udA0/Q∞ (3)

where Q∗ is the normalized flow rate, u and u∞ is the horizontal (stream-wise) velocity along the x
direction and that far upstream, and A0 is the area of street opening.

The purging flow rate (PFR) is the net flow rate by which the specified volume is purged out of
pollutant [10]. If passive pollutants are uniformly released in the entire pedestrian volume (in our case,
it is fixed and corresponds to the volume from the ground to the pedestrian height of the central area),
the pedestrian purging flow rate (PFRped) is defined as:

PFRped =
Sc ×Vol
〈C〉 =

Sc ×Vol∫
Vol Cdxdydz/Vol

(4)

where Sc means the uniform pollutant generation rate (kg/m3·s), 〈C〉 is the spatially averaged
concentration in the entire pedestrian volume (kg/m3), and Vol is the entire pedestrian volume
(m3). The normalized PFR∗ped is:

PFR∗ped = PFRped/Q∞ (5)

The net escape velocity NEV is based on the concept of PFR and has been proposed by
Hang et al. [17]. NEVped represents the net capacity of removing/diluting pollutant from the entire
pedestrian volume by both mean flow and turbulent diffusion and it is defined as:

NEVped =
PFRped

A0
(6)

where A0 is the area of boundaries for the entire pedestrian volume.
In addition to the level of the pollutant concentration, the pollutant behavior within the domains

is also important for local ventilation assessment [13]. The visitation frequency (VF) is, in this sense,
an index to measure the pollutant behavior. The VF can be calculated as:

VF =
∆qp

Sc ×Vol
(7)

where ∆qp is the inflow flux of pollutants into the domain (kg/s). It is assumed that the inflow flux in
the street canyon is almost exclusively affected by the value of the mean part of the flux [13].

The residence time (TP) is the time that it takes once a particle enters or is generated in the
specified domain until it leaves there. Similar to VF, the residential time represents the time that
pollutant enters or is generated in the street canyon. It is defined as:

TP =
Vol

PFRped ×VF
(8)



Atmosphere 2019, 10, 33 6 of 17

The age of air represents the mean time requiring the inflow air to reach a certain point in the
specified volume. Currently, it is commonly employed to assess the ventilation efficiency of urban
built-up areas [15,32,34,45]. The local mean age of air (τp) can be calculated by:

τp =
c

Sc
(9)

where c is the local pollutant concentration (kg/m3). The local mean age of air can be normalized,
as follows:

τ∗p =
τp ×Qre f

Volre f
(10)

where Volre f (m3) is the entire pedestrian volume.

2.3. CFD Simulations Set-Up

2.3.1. Computational Domain and Grid

The computational domain was built using hexahedral elements, with a finer resolution within the
entire building area (the expansion rate between two consecutive cells was below 1.2). The influence
on the predictions of the choice of grid size, using several refined meshes, was verified (see the
Supplementary Material S1). Specifically, the minimum cell size were δx = 0.8 m, δy = 0.8 m, δz = 0.5 m
in the plot area, which means that at least three cells were present up to pedestrian level and at
least 10 cells per cube root of the building volume and 10 cells per building separation, as suggested
by [5,6]. The lateral and inflow boundaries were set to 5H away from the building groups. In order to
unify the computational domain size, we set H = 135 m, which corresponds to the highest building
of BSC = 11%. The outflow boundary was 15H away from the building groups, and the height of
the computational domain was 11H. Extra 30 m high buildings were considered around the central
area. The grid resolution and the computational domain size fulfill the major microscale simulation
requirements recommended by the AIJ (Architectural Institute of Japan) guidelines [6] and the COST
action 732 [5]. The computational domain is shown in Figure 3.

We are aware that the surrounding buildings affect the flow field before reaching the central area.
These buildings have been included to explicitly reproduce roughness elements and thus the real
effects of urban elements (whose height is typical of eight to ten-story buildings in China), avoiding
considering an isolated central area that does not represent a real situation. For this reason, we think
that the results presented in Section 3 are representative of the effects of urban-like geometries on flow,
ventilation, and pollutant concentration.
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2.3.2. Turbulence Model

For the choice of turbulence model, the standard Reynolds-averaged Navier–Stokes (RANS)
and Large Eddy Simulation (LES) are most commonly compared and discussed in urban ventilation
simulation. The accuracy of LES has been determined in adequate studies, especially in predicting
the flow and turbulence characteristics in low wind speed region [25,46–48]. When compared to
LES, the limitation of steady RANS method has been reported in many literature studies [49–52].
However, the computational cost of the LES model is several times higher than that of the RANS model.
Meanwhile, RANS approach is still the most commonly approach of urban ventilation assessment,
and it has shown good results for generic urban configurations [6,13,15–17,27,36]. For the purpose of
this study, the employed RANS approach with the k-ε turbulence model is considered appropriate in
comparison with other turbulence model, such as Large Eddy Simulations (LES), especially since the
interest is on mean values ([53]). To further evaluate the standard k-ε turbulence model employed here,
a validation study has been performed and results are presented in the Supplementary material S2.

2.3.3. Boundary Conditions and Solver Settings

For the inflow boundary conditions, the inlet profiles for U(z), k(i) and ε(z) in the atmospheric
boundary layer follows the COST recommendation presented by Richards and Hoxey [54].

The velocity profile (U) was:

U(z) =
u∗ABL

κ
ln
(

z + z0

z0

)
(11)

where u∗ABL is the atmospheric boundary layer friction velocity, z0 is the aerodynamic roughness length,
z is the height coordinate (m), and κ is the von Karman constant (0.4). Taking Nanjing as an example,
we set z0 = 0.4, which may represent woodlands within and surrounding the city [55], and a wind speed
equal to about 2 m/s at 10 m, which roughly corresponds to the 10th percentile of the mean hourly
wind speeds (https://weatherspark.com/y/132872/Average-Weather-in-Nanjing-China-Year-Round)
and it is expected to lead to poorer ventilation conditions than larger wind speeds. These values lead
to a friction velocity equal to 0.23 m/s, which is typical of isothermal conditions analyzed here. In this
way, we represented a change of surface roughness (smooth–rough) mimicking the transition from the
rural to the urban environment. The turbulent kinetic energy profile (k) and turbulent dissipation rate
profile (ε) were:

k(z) =
u∗ABL

2√
Cµ

(12)

ε(z) =
u∗ABL

3

κ(z + z0)
(13)

where Cµ is a constant (0.09). Zero static gauge pressure condition was defined as the outflow boundary
condition. At the top and lateral boundaries of the computational domain, the symmetry boundary
conditions were applied to avoid the wall effect. Non-slip wall boundary conditions were set on the
ground surface and all of the building surfaces.

The passive pollutant used is carbon monoxide (CO, Sc = 10−5 kg m−3 s−1) and the pollutant
source is defined as a volume source from the ground to pedestrian height (i.e., from z = 0 to z = 2 m)
of the central area using the uniform homogenous method that was widely employed in evaluating
ventilation efficiency of urban canopy layers [56].

Fluent (version 15.06) was applied to solve three-dimensional (3D) steady RANS equations for
incompressible and isothermal flow. Pressure interpolation was in second order accuracy. For both
convection and viscous terms of the governing equations, second-order discretization schemes were
used. The modeling settings are summarized in Table 1.

https://weatherspark.com/y/132872/Average-Weather-in-Nanjing-China-Year-Round
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Table 1. CFD simulation condition settings.

Calculation conditions Solver settings

Computational domain (x)1080 m × (y)1920 m × (z)525 m

Grid resolution about 2 million hexahedral cells

Turbulence model Standard k–ε turbulence model

Algorithm for pressure-velocity SIMPLE

Scheme for advection terms Second-order discretization for convection terms and the viscous terms

Boundary conditions

Inflow: Boundary condition presented by Richards and Hoxey (1993)
Outflow: Zero gradient condition
Ground and block surfaces: Non-slip wall
Top and lateral surfaces: Symmetry

3. Results and Discussion

3.1. Impact of Building Layout

As an example, Figure 4 shows the wind velocity of six cases at the pedestrian level. The flow
feature in Figure 4a is consistent with simulation results of previous studies [13,32,46,57], i.e., when the
BSC is 11%, the flow pattern is characterized by acceleration and flow separation, reattachment flow
downstream and wake region. The velocity of the central area is obviously influenced by the high-rise
buildings on the leeward side. By increasing the BSC to 44%, despite that the height (H = 36 m) is
much lower than that of 11% (H = 135 m), the wind flow in the central area is still blocked by the
leeward buildings (Figure 4b). Further, Figure 4c,d show that, still increasing the BSC, the flow patterns
are very similar, which means that although the BSC increases and the building height decreases,
this configurations have a similar indirect channeling effect. Finally, Figure 4e,f show that despite
the geometries are similar (with building heights of 27 m and 21 m), the flow field characteristics
are obviously different, which shows that, when the current row of buildings is completely blocked,
the most significant factor affecting the central area is the building height but not the long space that is
enclosed by the building.
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The ventilation within the plot area is obviously related to the flow patterns that are shown in
Figure 4. In order to have a complete picture of the ventilation, Figure 5 shows the indices Q, PFR, NEV,
and VF for the different cases investigated. The ventilation performance of C forms is always better
than other types for BSC of 11% to 66%. This is expected, since such C forms are not blocked by any
front leeward obstacle. In addition, when BSC is 11% (H = 135 m), the corresponding C forms are made
of single independent obstacle. Although there is no obstacle blocking the wind, no channeling effect
occurs, so the air flow through the central area is less than that found for BSC of 22% (H = 69 m) to 55%
(H = 27 m). When BSC is 66% (H = 24 m), the corresponding C form experiences an air channeling
effect, but the lower building height makes part of the airflow exchanging through the street top and
thus reduces the flow through the central area. When BSC is 77% (H = 21 m), no C type is possible,
but B3–F2 and B3–F3 exists. Obviously, high BSC results in less air flow flushing into the central area by
mean flow. However, the lower building height induces highly vertical turbulent diffusion exchange.

Figure 5 illustrates that B3–F3 forms also experience the poorest ventilation conditions within the
central area. Contrary to other types, the local ventilation performance of B3–F3 forms central area
that gradually increases with increasing BSC from 33% to 77%. Overall, this suggests that when FAR is
fixed and the central area is blocked by surrounding obstacles, the local ventilation efficiency can be
improved by reducing the average height of the building and increasing BSC within the plot area.

It should be also noted that when BSC increases from 11% to 77% in general the ventilation
efficiency within the central area decreases due to the increase of buildings within the plot area.
However, looking at NEV and VF (Figure 5c,d), it can be noted that, when BSC increases from 44%
to 77%, NEV and VF slightly improves. Overall, there is no clear relationship between ventilation
indices and the various BSC. Therefore, in order to achieve useful conclusions on such a relationship,
the average value and the error have been calculated for each configuration, and the results are
discussed in the next subsection.

The ventilation performance that is analyzed in Figure 5 directly affects the concentration
distribution at the pedestrian level, as shown in Figure 6. When BSC is 11%, meaning only one
high-rise building (H = 135 m) in the central area, i.e., case-A (type B1), as expected from flow pattern
(Figure 4), the pollutant concentration is significantly affected by the isolated high-rise building.
In particular, since the central area is on the leeward side of the building, less air flows into the central
area by mean flow. Due to the high level aspect ratio (H/W > 2), third or fourth recirculation occurs
and weakens the capability of pollutant dilution and removal from the pedestrian level, resulting in
a high concentration level in this type of configurations. When the BSC increases to 44% (H = 36 m),
looking at the concentration distribution of case-B (type B3–F1) and case-C (type B3–F2), an indirect
wind channeling occurs in case-C. Therefore, the mean flow passing through the central area plays a
major role in removing pollutant. However, the H/W corresponding to this BSC is about 1.0. From the
vertical distribution of the pollutant concentration of case-B, it can be seen that, due to the obvious
obstruction, turbulent diffusion begins to influence the central pedestrian level concentration through
the roof, and part of the pollutant is removed by the turbulent diffusion effect, which implies that the
building height is not the main influence factor of this BSC. When the BSC increases to 55% (H = 27 m)
and 77% (H = 21 m), the case-E (type B3–F3) and case-F (type B3–F3) have a relative similar H/W
and architectural layout. It can be seen that the turbulence diffusion through the roof now plays a
significant role in diluting the pollutant at the pedestrian level. Meanwhile, when compared with
the higher level of BSC, i.e., 55%, 66%, and 77%, very few configurations with wind channeling
occur. Therefore, when the BSC exceeds 55%, the BSC becomes an important factor determining the
ventilation efficiency within the central area rather than the building height.
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3.2. Relationship between Local Ventilation Efficiency and BSC

Figure 7 shows the average and error values of the six ventilation indices (air flow rate (Q), τp, NEV,
PFR, VF, and TP) for all the configurations investigated (see Figure 2). Q, NEV, and PFR (Figure 7a,c,d)
decrease gradually with increasing BSC, which indicates that the ventilation performance within the
central area becomes poorer. On the other hand, τp, VF, and TP gradually rise with increasing BSC,
reflecting the decrease of pollutants removal capability in the central area (Figure 7b,e,f).

It is noted that the value of the aforementioned ventilation indices stopped decreasing when the
BSC becomes 44%, but there is a slight increase with increasing BSC. This is due to the large impact
of C forms, while the other forms have no direct wind channeling effect due to the blockage of the
buildings. As BSC continues to increase from 44% (thus the building height decreases), it can be
seen that the trend of the ventilation indices is no longer obvious as happens for BSC of 11% to 44%,
although the increase of BSC causes the horizontal airflow channeling to gradually decrease. In fact,
due to the reduction of building height, the turbulent diffusion effect within the building roof becomes
remarkable. This is consistent with the research results of [24].
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Figure 7. Average values and variances of ventilation indices (a) Q, (b) τp, (c) NEV, (d) PFR, (e) VF,
and, (f) resident time (TP) for all the configurations with BSC increasing from 11% to 77%.

3.3. Sensitivity of the Six Ventialtion Indices to the BSC

Since the purpose of this paper is to try to establish a correlation between the morphological
parameters and ventilation performance parameters, it is worth evaluating how the different indices
change when BSC changes (sensitivity analysis). Figure 8 shows the average normalized values of the
six indices (Q*, VF, NEV*, PFR*, TP and τp∗) of C, B2, and B3 forms.
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As shown in Figure 8a (C forms), the values of each index do not change significantly with
increasing BSC. This is due to the channeling effect that occurs in these cases, since, with increasing
BSC, only the upwind airflow is affected and thus there is no significant effect on the air flowing in the
horizontal direction downstream. For B2 forms (Figure 8b), even though BSC are lower or equal to C
forms, the position change of buildings induces a significant impact on the ventilation performance
within the central area. Finally, for B3 forms (Figure 8c), since the airflow is blocked upstream to the
central area, the trend of each index is relatively obvious, especially for BSC of 33% to 55%. On the
other hand, when BSC is 66% and 77%, the building arrangements are quite similar (i.e., there is less
space to move buildings), resulting in a low change of each index.

To summarize, Figure 8d shows the trend of all the indices for all the forms (and thus for all the
101 configurations) investigated. The figure shows that PFR, τp, and TP are the most sensitive to BSC
variation up to 44%, since the wind channeling effect is expected to dominate the exchange with the
underlying atmosphere. With increasing BSC (and thus the density), the wind channeling effect is not
the only and effective mechanism to dilute or remove air pollutants. In fact, since the average building
height is relatively low, the effect of turbulence can effectively remove the pollutants at the pedestrian
level and improve the local ventilation performance. At the same time, the results have shown that
BSC is not the only factor that determines the ventilation performance within the urban plot, and the
building patterns within the plot area also plays a significant role on flow and pollutant dispersion.

4. Conclusions

This paper aims to investigate a quantitative correlation between urban-like geometries of different
building site coverage (BSC) and six ventilation indices that are commonly employed in the literature.
The floor area ratio (FAR) is kept constant at 5.0, while BSC gradually increases from 11% to 77% (while
building heights H decrease from 135 m to 21 m, respectively), resulting in a total of 101 asymmetrical
idealized configurations. Results show that, among the indices investigated, PFR, TP, and τp∗ better
correlate with urban morphological parameters. For improving ventilation and pollutant dispersion,
the study has shown that:

• when BSC is 11% (H = 135 m), 22% (H = 69 m) and 33% (H = 45 m), the density of buildings in
the central area is low, and the ventilation performance is greatly affected by the large building
heights, regardless of the architectural arrangement with channeling effect;

• with increasing BSC to 44% (H = 36 m), 55% (H = 27 m), 66% (H = 24 m), and 77% (H = 21 m),
the ventilation performance is slightly lower than before. However, due to the lower average
building heights, more airflow flushes into the central area by turbulent flow and a vertical
exchange through the roof occurs, diluting part of the pollutants; and,

• for the same BSC, the configurations experiencing a wind channeling effect are characterized by a
better ventilation.

From an urban designing and planning perspective, results suggest that, when FAR is fixed in a
plot area, intermediate BSCs (and building heights) may experience airflow channels by controlling
the layout, which is an effective way to increase the overall ventilation and thus the ability of pollutant
dispersion. These results show that by using BSC and FAR as morphological parameters, the ventilation
performance of void spaces can be effectively improved in high-density cities by reducing the average
height of buildings. Specifically, a BSC = 44% (H = 36 m) of C form (i.e., no buildings in front of the
central area and with channeling effect) seems to simultaneously maximize the ventilation performance
and the number of possible layouts that are also available to harmonize the new built area to the
existing surrounding morphology.

This study investigated idealized configurations that were subjected to a wind perpendicular
to building façades and thus further research is needed when considering more complex geometries
(such as, for example, secondary roads within the central area) and oblique wind directions, as well
as non-isothermal conditions with strong heat fluxes and low wind events, which may be critical
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with respect to ventilation and human thermo-physiological conditions. Further, the impact of
passive methods [58], including vegetation [59–61], as well as lift-up design [62], which are becoming
increasingly popular in China to improve the pedestrian level wind and thermal comfort.

Supplementary Materials: The supplementary materials are available online at http://www.mdpi.com/2073-
4433/10/1/33/s1.
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Nomenclature

FAR floor area ratio (%)
BSC building site coverage (%)
Q flow rate (m3 s−1)
Q∞ reference flow rate far upstream (m3 s−1)
Q∗ normalized flow rate through street openings or street roofs
PFR pedestrian purging flow rate
PFR* normalized pedestrian purging flow rate value
NEVped pedestrian net escape velocity (m/s)
VF visitation frequency
TP pollutant residential time (s)
τp, τ∗p local mean age of air (s) and its normalized value
Sc pollutant source rate (kg m−3 s−1)
〈C〉 the spatially averaged concentration in the entire pedestrian domain (kg/m3)
Vol the pedestrian volume form ground up to 2m in the canopy (m3)
k, ε turbulent kinetic energy (m2 s−2) and its dissipation rate
u∗ABL atmospheric boundary layer friction velocity (m/s)
z0 aerodynamic roughness length (m)
κ the von Karman constant
z height coordinate (m)
H height of central area buildings
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