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Abstract: Urban ventilation plays an important role in regulating city climate and air quality.
A numerical study was conducted to explore the ventilation effectiveness on the microclimate
and pollutant removal in the urban street canyon based on the rebuilt Southern New Town region in
Nanjing, China. The RNG k− ε turbulence model in the computational fluid dynamics (CFD) was
employed to study the street canyon under parallel and perpendicular wind directions, respectively.
Velocity inside of the street canyon and temperature on the building envelopes were obtained. A novel
pressure coefficient was defined, and three methods were applied to evaluate the urban ventilation
effectiveness. Results revealed that there was little comfort difference for the human body under two
ventilation patterns in the street canyon. Air stagnation occurred easily in dense building clusters,
especially under the perpendicular wind direction. In addition, large pressure coefficients (CP > 1)
appeared at the windward region, contributing to promising ventilation. The air age was introduced
to evaluate the “freshness” of the air in the street canyon and illustrated the ventilation effectiveness
on the pollutant removal. It was found that the young air distributed where the corresponding
ventilation was favorable and the wind speed was large. The results from this study can be useful in
further city renovation for the street canyon construction and municipal planning.

Keywords: street canyon; computational fluid dynamics (CFD); ventilation effectiveness; the age
of air

1. Introduction

The outdoor thermal and wind environment are of great significance to the living conditions
and people’s daily activities [1]. With the rapid urbanization, street canyons appear in cities as more
and more high-rise buildings spring up, resulting in poor city ventilation [2]. Stagnant air caused by
poor ventilation in street canyons leads to the massive accumulation of pollutants and anthropogenic
heat, exacerbating the outdoor air quality [3–5] and the Urban Heat Island effect (UHI) [6–9]. Outdoor
environment is essential not only for people directly exposed to the circumstance [10,11], but it also has
an important influence on the indoor environment [12]. From the last decade, study on microclimate in
a street canyon has become a hot issue focussing on ventilation, temperature, and pollutant dispersion.
Numerical and experimental validation studies on street canyons indicate that ventilation is a vital
element in these related indices on urban microclimate [12]. Air in the city can be well mixed and
exchanged under the windy condition that introduces the fresh air from the suburbs into the city.
The heat and pollutant generated from the city is likely to be removed by the airflow [1]. It is noted
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that the effectiveness of the heat and pollutant removal is strongly affected by the airflow patterns
inside street canyons.

Many studies have been carried out to investigate the airflow pattern around buildings by
wind tunnel experiments [13,14] and field measurements [15]. With the development of computer
technology and numerical computation, the computational fluid dynamics (CFD) method has been
gradually employed attributed to its low expense and high flexibility. Combining the simulation
method and the architectural design strategy, it enables architects to better design and evaluate
the city wind environment. Studies on outdoor environment by CFD method mainly focus on airflow
pattern analysis [16,17], human comfort evaluation at the pedestrian level around buildings [18], and
the prediction of pollution dispersion [19]. Over the last few decades, many attempts have been
made to link urban ventilation research with the urban design in a given condition. The ventilation
has been found to have a close relationship with the building layout, which subsequently affects
the air quality in street canyons [20]. Moreover, the canyon aspect ratio and the orientation of street
canyons are two crucial parameters informing the urban microclimates and influencing the thermal
comfort of pedestrians, which is more obvious in full-scale high-rise deep street canyons [19,21].
The vertical microclimate and mass-exchange have also been investigated in different street canyons
with different geometries [22]. It has been noted that the street canyon is a key factor in maintaining
urban microclimates by previous studies. The mechanisms of the airflow patterns and the ventilation
effectiveness on heat reduction and pollutant dispersion in street canyons have been fully understood.
However, only simple construction models [23,24] and a typical wind direction in street canyons [25]
are considered in most existing numerical studies. Limited investigations are conducted to study
the urban ventilation and its effects on the microclimate. Moreover, qualified indexes for the evaluation
of the urban ventilation effectiveness have not been appropriately considered up until now.

To illustrate ventilation effectiveness in cities with street canyons, a numerical study has been
carried out in this paper based on the project of Southern New Town region, Nanjing. A long street
altered from a military airport runway is centered in this region, with a large number of building
clusters including residential areas, innovative, and military districts on both sides. The airflow inside
the street canyon and the temperature distribution at building facades were discussed under different
local metrological parameters. The ventilation effectiveness was evaluated by three commonly used
methods on the heat and pollutant removal. Results from this study can be helpful for further the city
construction and urban environment maintenance with urban street valleys.

2. Study Case

The Southern New Town region, located at the southeast Nanjing, is designed to be built on
the location of a military airport. The original airport runway will be altered into a long street at
the center of this region. Surrounding areas are designed to three particular sub-regions (residential
areas, innovative, and military districts) as well as some ecological areas and open space. The long
street canyon goes through the region from southeast to northwest, as shown in Figure 1.
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As planned, the total area is 12.88 km2, with construction land of 5.93 km2. The local wind rose
diagrams monitored are shown in Figure 2. Table 1 presents the local meteorological parameters,
obtained at the height of 10 m above the ground for numerical simulations, such as air temperature,
wind velocity, and prevailing direction. The prevailing wind directions are south-southeast with
the average speed of 2.4 m/s in summer, and east-northeast with the average speed of 2.7 m/s in
winter. Table 2 shows the calorific intensity on the building surface and in the interspaces in summer.
These parameters are all used as boundary conditions for simulation scenarios.
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Table 1. Meteorological data for simulations.

Scenario Season Temperature (◦C) Prevailing Wind Direction Wind Speed (m/s)

1 Summer 20~37 SSE 2.4
2 Winter −2~10 ENE 2.7

SSE: South-Southeast; ENE: East-Northeast.

Table 2. The calorific intensity in summer.

Items Military Districts Innovative Streets Residential Areas

Building area (m2) 167.0 410.3 488.4
Body heat (W·m−3) 1.6 4.3 4.5

Surface heat (W·m−2) 91.3 155.6 147.0

Three commonly used methods are adopted to evaluate the ventilation effectiveness on the heat
and pollutant removal, i.e., wind scales and human body comfort, wind pressure, and the age of air.
To evaluate the pollutant dispersion in the street canyons, the metric, “local mean age of air” is used in
this paper. The local mean age of air was firstly proposed as an indicator of the air quality in indoor
spaces [26,27], which has been confirmed to be applicable in outdoors [28,29]. It serves as an indicator
of outdoor air quality in this paper to help recognize the stagnant areas or polluted region where
contaminants easily accumulate.

3. Computational Settings and Parameters

The Fluent calculation module in the Ansys 17.0 software (ANSYS, Inc., Canonburg, PA, USA) is
chosen to conduct the numerical simulations. According to the three-dimensional architectural model
of the Southern New Town region, an appropriate computational domain is selected and meshed,
and the entire airflow field is solved with mathematical models under corresponding boundary and
initial conditions. The wind field, temperature distribution, and pollutant dispersion are calculated
and analyzed.
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3.1. Geometric Model, Computational Domain and Meshing Generation

It is essential to simplify the geometric model for meshing, reducing computational nodes,
and accelerating the convergence speed before calculation. Small convex and concave structures of
buildings are neglected, and all curved shapes are regularized in the process. The simplified model is
shown in Figure 3. In terms of the size of the computational domain, the top boundary is set as 4 Hmax

(Hmax is the height of the tallest building), lateral boundaries is set as 5 W (W is the width of the target
region), and the inlet and outflow boundaries are set as 6 L (L is the length of the target region).
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In order to predict the airflow around buildings in acceptable accuracy, the most important thing
is to correctly reproduce the separating airflows near the corners and the walls. Therefore, a fine grid
arrangement is required for calculation. Before the meshing, the whole domain is divided into several
connected areas according to construction shapes and sizes. Unstructured tetrahedral cells are used to
construct the whole computational domain. For the present simulation, the minimum grid resolution
is set to be 0.5–5.0 m ( 1

10 of the building scale [30]) within the target region, and increases gradually
with distance above 100 m in the computational domain. The resulting grid contains 7,890,431 control
volumes (see Figure 4), and is based on a grid-sensitivity analysis focused on the mean wind speed in
the entrance.
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3.2. Methodology

The outdoor airflow is governed by conservations of mass and momentum in each flow
direction. An incompressible tairflow with constant properties is assumed in the numerical calculation.
The Reynolds-Averaged Navier-Stokes (RANS) equations are used and written as follows [31].

The mass conservation equation,
div U = 0 (1)
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The equations for conservation of momentum,

div(UU) = − 1
ρ

∂P
∂x

+ γdiv(grad(U)) +
1
ρ

∂
(
−ρu′2

)
∂x

+
∂
(
−ρu′v′

)
∂y

+
∂
(
−ρu′w′

)
∂z

+ SMx (2a)

div(VU) = − 1
ρ

∂P
∂y

+ γdiv(grad(V)) +
1
ρ

∂
(
−ρu′V′

)
∂x

+
∂
(
−ρv′2

)
∂y

+
∂
(
−ρv′w′

)
∂z

+ SMy (2b)

div(WU) = − 1
ρ

∂P
∂z

+ γdiv(grad(W)) +
1
ρ

∂
(
−ρu′w′

)
∂x

+
∂
(
−ρv′w′

)
∂y

+
∂
(
−ρw′2

)
∂z

+ SMz (2c)

with three normal stresses,

τxx = −ρu′2, τyy = −ρv′2, τzz = −ρw′2 (3a)

and three shear stresses,

τxy = τyx = −ρu′v′, τxz = τzx = −ρu′w′, τyz = τzy = −ρv′w′ (3b)

These extra turbulent stresses in Equation (3) are the Reynolds stresses. SMx = 0,
SMy = 0, and SMz = −ρg denote projections of the body force in x, y, and z directions,
respectively. The density variation is calculated by the Boussinesq approximation, i.e., ρ =

ρ0[1− β(T− T0)].The energy equation,

div(TU) =
1
ρ

div(αgradT)−
(

∂u′t′

∂x
+

∂u′t′

∂y
+

∂u′t′

∂z

)
+ ST (4)

where the flow variables u (hence also u, v, and w), p and t are described by the sum of a mean
and fluctuating component, i.e., u = U + u′ (u = U + u′, v = V + v′ and w = W + w′), p = P + p′,
t = T + t′. γ is the kinematic viscosity, α the thermal diffusion coefficient, ρ0 the reference density, T0

the reference temperature.
Closure is obtained by the Renormalization Group (RNG) k− ε turbulence model with enhanced

wall treatment [32]. The transport equations for turbulent kinetic energy (TKE) k and dissipation rate ε
are given as:

div(ρkU) = div(αkµeffgradk) + τij·Sij − ρε (5)

∂

∂xj
(ρεU) = div(αεµeffgradε) + C∗1ε

ε

k
τij·Sij −C2ερ

ε2

k
(6)

with

τij = −ρu′iu
′
j = 2µtSij −

2
3
ρkδij, Sij =

1
2

(
∂ui

∂xj
+

∂uj

∂xi

)
(7)

and

µeff = µ+ µt, µt = ρCµ
k2

ε
(8)

C∗1ε = C1ε −
η(1− η/4.377)

1 + 0.012
, η =

k
ε

√
2Sij·Sij (9)

The convention of the suffix notation is that i or j = 1 corresponds to the x-direction, i or j = 2
the y-direction, i or j = 3 the z-direction. µ is the molecular viscosity, µt the turbulent viscosity, δij

the Kronecker delta (δij = 1 if i = j and δij = 0 if i 6= j). Cµ = 0.0845, αk = αε = 1.39, C1ε = 1.42,
C2ε = 1.68 [33].
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The age of air is utilized to demonstrate the effects of the ventilation corridor on the “freshness”
of outdoor air in the Southern New Town region. The definition of the age of air ϕn at a point within
a zone is described in Figure 5.
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As shown in Figure 5, Age is a nominal time constant which is relevant with the volume V and
flux qV of airflow. The local mean age of air, Φ, is obtained from additional transport equations in
the CFD method, which can be formulated as [28]:

div(ΦU) =
1
ρ

div(DgradΦ)−
(

∂u′ϕ′

∂x
+

∂u′ϕ′

∂y
+

∂u′ϕ′

∂z

)
+ 1 (10)

where D is the diffusivity of pollutant.

3.3. Boundary Conditions and Solver Settings

The wind speed and wind direction given in Table 1 are regarded as the input conditions of
the simulation. According to Prandtl mixing-length theory, the inlet wind speed has an exponential
distribution with height [15]:

u = u0

(
z
z0

)a
(11)

where u is the wind speed at the height z, u0, the wind speed at the reference height z0, and a = 0.3
is the constant reflecting the surface roughness in this paper. Therefore, velocity-inlet boundary
conditions are input by creating user-defined functions based on Formula (11).

Supposing the outflow has been fully developed and the flow has been restored to normal flow
without building obstruction, the relative pressure of the outflow boundary is 0.

SIMPLEC algorithm is employed for coupling pressure and momentum equations.
The second-order schemes are used to discretize the convection and diffusion terms. Convergence is
achieved when all scaled residuals are less than 10−6.

4. Results and Discussion

4.1. Velocity and Temperature Distribution in the Street Canyon

4.1.1. Velocity Distribution in the Perpendicular Prevailing Wind Direction

In summer, the south-southeast wind prevails and the coming airflow is perpendicular to the street
canyon. The contour and vector plot of air velocities are presented in Figure 6. The air velocity is
found to distribute unevenly in the whole region. Higher air velocity appears in residential areas
and innovative districts located at the edge of the city. The velocity is obviously weakened due to
the resistance of high-rise building clusters in the front, as shown in dark blue in Figure 6a. The air
velocity distributing in the north direction of the street is less than 1 m/s, while in innovative districts
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the air velocity is up to 3 m/s. Branches of the main street play an important role in ventilation when
the coming wind direction is perpendicular to the street canyon. The city ventilation is enhanced by
airflows inside the new urban region, as shown in Figure 6b. The central street then brings the airflow
to residential areas along downstream with the air velocity of 1 m/s.
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4.1.2. Velocity Distribution in the Parallel Prevailing Wind Direction

In winter, the east-northeast wind prevails in this city, parallel to the street canyon. The contour
and vector plot of the air velocity are illustrated in Figure 7. Results demonstrate that wind stream
from ecological areas and open space is mostly induced by the central long street into building clusters
and then disperses into dense areas downstream through branches.
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Figure 7 indicates that the air velocity in the central street ranges from 2 m/s to 2.5 m/s, higher
than that in other regions. Different from that in summer, the central street plays the major role
in the urban ventilation in winter. What is more, both military and innovative districts are located
upwind with a high air velocity so that pollutants produced here will disperse quickly. However,
the air velocity decreases in residential areas due to the drag force around high-rise buildings in
the front, which means that the high-rise buildings potentially act as windbreaks in winter.

4.1.3. Temperature Distribution on Building Facades under the Ventilation in the Street Canyon

The formation of heat accumulation is strongly closely related to the poor urban ventilation.
A well-designed street canyon is not only an energy-saving way to optimize the wind environment,
but an effective method to reduce heat accumulations. Among the heat generated from the whole
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region, the emission from air conditioning systems in densely-populated residential areas, innovative
districts, and public service areas on both sides contribute chiefly to the heat accumulation. The main
emission is simplified as the body heat source inside each sub-regions. In addition, the significant heat
radiation from sunshine in summer is simplified as surface heat source (see Table 2). The inflow is set
with the same temperature with near suburbs.

Figure 8 demonstrates air temperature on building facades in the street canyon in summer.
The maximum temperature appears near the center of the underlying surface in the region, especially
in dense building clusters. A wider range of high temperature appears in the leeward side. It can be
seen that the temperature in the southeast (33∼35 ◦C at windward) is relatively low where the wind
flows into the city from open spaces. Because of the low height of buildings, effective ventilation
through branches occurs in residential districts and innovative areas, and heat elimination can be easily
realized and consequently downgrades the temperature. When the air flows through the central street,
the originally emitted heat is reduced greatly due to favorable ventilation. As a result, the temperature
in downstream districts decreases, especially in some residential areas. In comparison, airflows diffuse
freely without any obstruction, such as buildings around the central street, expelling the heat inside
the city quickly and maintaining a low temperature.Atmosphere 2017, 8, 164  8 of 13 
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The vertical variations of temperatures inside the street canyon are calculated and compared
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It is obviously seen that the temperature in the street canyon varies from wind speeds and height.
When the height is lower than 30 m, the temperature varies similarly from height under two coming
wind speeds, and keeps smaller values as compared to circumstance without ventilation. Subsequently,
a larger the coming wind speed is found to be associated with a lower air temperature, when the height
is lower than 80 m, approximately the height of most buildings around the monitored site. When
the height is above 80 m, the temperature naturally decreases with height and without ventilation.

Larger airflow (V > 0) in the street canyon greatly benefits the removal of the heat inside of the city,
which then reduces the local air temperature. Driven by temperature difference, airflows spread from
high-temperature areas to low-temperature areas, and the heat can be partially carried away by
the convection. The temperature difference near the ground surface (< 30 m) of different airflow is
ignorable and larger airflow plays a vital role in higher spaces (30 m < V < 80 m). Besides, the central
long street enables cooler and fresher air to be introduced from the suburb area to the central building
clusters area, improving the ventilation and weakening the heat accumulation effect in this region.

4.2. Outdoor Wind Speeds and Human Body Comfort

It is reported that the physical environment about 1.5 m above ground affects how a person
feels most directly [16]. Therefore, airflow velocity at 1.5 m is employed to assess the ventilation
effectiveness in this region. Table 3 illustrates the different comfort levels of the human body at
different wind speed levels. Generally, the outdoor wind speed from 1.0 m/s to 5.0 m/s is appreciated
to be the most comfortable environment for human outdoors.

Table 3. Wind scales and human body comfort [34].

Wind Scale Human Body Comfor

<1.0 m/s Breezeless
1.0∼5.0 m/s Comfortable
5.0∼10.0 m/s Uncomfortable with movement affected

10.0∼15.0 m/s Very uncomfortable with movement
greatly affected

15.0∼20.0 m/s Intolerable
>20.0 m/s Dangerous

To evaluate the urban ventilation and to compare its effects on human bodies under two prevailing
wind directions, wind speeds at the height of 1.5 m in two seasons are calculated, respectively
(see Table 4), and analyzed below.

Table 4. The percentage of the wind speed, with the observed minimum and maximum speed values
in parentheses.

Velocity (m/s)
Percentage (%)

SSE (Summer ) ENE (Winter)

0 (air stagnation) 10.44 5.78
0∼0.5 45.25 (0.04–0.50) 20.17 (0.01–0.50)

0.5∼1.0 18.22 (0.51–0.98) 46.13 (0.51–0.10)
1.0∼3.0 26.09 (1.01–2.89) 27.92 (1.01–2.78)

Results show that the air stagnation in the whole region occupies 10.44% in summer, larger than
5.78% in winter, which means that worse air circulation occurs more easily when the prevailing wind
is perpendicular to the street canyon. In winter, compared with street branches, the central long street
brings better airflows. Moreover, the velocity varying within 0∼0.5 m/s in summer accounts for
45.25%, considerably larger than the percentage (20.17%) in winter while the proportion of the velocity
within 0.5∼1.0 m/s in summer (18.2%) is greatly lower than that in winter (46.13%). This further



Atmosphere 2017, 8, 164 10 of 14

emphasizes relatively worse ventilations induced by when the coming wind is perpendicular to
the street canyon. On the contrary, the prevailing wind direction parallel to the street canyon easily
accelerate airflows, especially inside building clusters. It is interesting to note from the data in Table 2
that the velocity in summer ranging from 1.0 m/s to 3.0 m/s constitutes 26.09%, which is similar
to the percentage 27.92% in winter. In respect to wind velocity, little comfort difference is found for
human body between the prevailing wind direction of perpendicular or parallel to the street canyon.

From the perspective of human body comfort, the ventilation conditions are shown to be favorable
in both patterns in the street canyon where the central long street dominates the whole wind field,
especially when the wind comes from its parallel direction. When the wind direction is perpendicular
to the street canyon, the combination of branches of the street also effectively promotes the ventilation.
However, air stagnation occurs more easily in the street canyon under the perpendicular wind, leading
to adverse contaminant accumulation.

4.3. Wind Pressure on Building Envelopes

Natural ventilation is driven by the wind pressure difference and the temperature difference
in air [35]. When the temperature difference between the indoor and outdoor environment is too
small to provide drive force, the natural ventilation needs to rely on the wind pressure on building
envelopes [36]. The natural ventilation is formed when the wind pressures differences exist on both
sides of certain openings (i.e., all kinds of holes, doors, windows, and gaps). The outdoors pressure
difference also determines the indoor ventilation effectiveness, as greater pressure difference providing
more favorable ventilation.

The flux of airflow through openings can be calculated by Bernoulli equation [37]:

Q = αA

√
2∆p
ρ

(12)

The flux of airflow has an increase tendency with the increase of pressure on building surfaces,
while the atmospheric pressure maintains a constant P0. Here, convert the surface pressure to
dimensionless ones, the coefficient of wind-pressure Cp can be derived as:

Cp =
P0

ρv2/2
(13)

where ρ is air density and v is airflow velocity.
The distribution of coefficients of wind pressure is shown in Figure 10. Large coefficients(

Cp > 1
)

generally appear on the windward side of high-rise buildings and the lower reaches
of the street canyon. In these areas, the pressure on building envelopes is higher than that of
atmospheric pressure, which contributes to the airflow circulation from the street canyon to the suburbs.
Besides, large pressure on building facades can achieve a favorable ventilation for indoor individuals.
Conversely, in these areas with low pressure coefficients

(
Cp < 1

)
, little pressure difference between

forward and backward of buildings has a critical influence on the formation of shade of wind,
followed by the contaminant accumulation in the street canyon. Meanwhile, for indoor dwellers,
the reasonable interior arrangement, apartment layout, and window installation are suggested to make
a good ventilation.
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4.4. Air-Age-Based Discussions on the “Freshness” of Outdoor Air

The air age in the street canyon is used to evaluate the “freshness” of outdoor air and lower values
suggest fresher air. The boundary conditions for the air age governing equation are 0 at the air inlet,
and the gradient is 0 in both the air exit and the wall surfaces of the computational domain.

Figure 11 shows the calculative air age and its corresponding air velocity. It is obviously seen
that the maximum ages (4000∼6000 s) appear in military districts where it is difficult for fresh air
to flow into due to its poor ventilation. Similarly, in those areas perpendicular to the coming wind
and spaces among high-rise buildings in innovative districts and residential areas, larger air age and
lower velocity is found (see Figure 11b). In lower reaches of innovative districts and leeside of military
districts, where air velocities are mostly lower than 0.2 m/s, the local maximum of air age is up to
7000 s. Low air ages (< 3000 s) distribute in most part of this region, mainly in residential areas and
innovative streets and gets older along downstream gradually. Relatively high air velocities appear in
the streets that are parallel to the direction of the wind, indicating promising ventilation and quick air
exchange in those. Derived data illustrates that the ages of air in the street canyon are mostly twice
the minimum values in upstream of residential areas and innovative streets. In military districts and
some downstream building clusters, the age of air becomes larger with a local maximum of up to
3 times larger than the minimum. Correspondingly, fresher air exists in most parts of this region and
older air only distributes in local districts with poor ventilation, especially in downstream regions
behind dense buildings.
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5. Conclusions

Based on the planned Southern New Town region in Nanjing, China, this study focused
on the microclimate and pollutant dispersion in urban street canyons under two typical seasons
(i.e., summer and winter). The flow field, temperature field, and the age of air were calculated with
the CFD method and analyzed under two typical prevailing winds. Results revealed that there was
little comfort difference for the human body between the prevailing wind direction of perpendicular
or parallel to the street canyon. Air stagnation occurred easily in dense building clusters, especially
under the perpendicular wind direction. In addition, large pressure coefficients (CP > 1) appeared
at the windward region, contributing to the promising ventilation. The air age was introduced to
evaluate the “freshness” of the air in the street canyon and illustrate the ventilation effectiveness on
the pollutant removal. It was found that the air was updated easily where the ventilation was favorable
and wind speed was large.

Following conclusions were to be drawn:

(1) The planned region was basically well-ventilated whether the coming wind direction was parallel
or perpendicular to the street canyon. However, the air stagnation easily occurred in summer
when the prevailing wind was perpendicular to the street canyon.

(2) The favorable ventilation comfort appeared both patterns in the street canyon where the central
long street dominated the whole wind field, especially when the wind came from its
parallel direction.

(3) Pressure coefficients indicated that the outdoor wind environment for building clusters located
at the upper reaches were more favorable than those in lower reaches of the coming wind.

(4) The age of air showed that the poor ventilation will cause the old air detained and make it
difficult to exchange the fresh air, resulting in bad air quality in the street canyon, especially in
downstream regions behind dense buildings.

However, there are still limitations in field measurements to improve on the study of street
canyons in this region, and the wind environment in the area outside the street canyon is worth
discussing and studying.
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