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Abstract: The present study employs the k-epsilon turbulence model to investigate the influence of
stable stratification with different Richardson numbers (Rib) on flow patterns and pollutant dispersion
near tall buildings. The results show that thermal stratification significantly affects the flow pattern
around buildings. As Rib increases, the leeward stagnation point gradually shifts upward toward the
top of the building, while the recirculation region on the top of the building moves downward, and
the length of the recirculation region on the windward side initially increases and then decreases.
The vortex position gradually moves above the building. The region with high TKE/uH

2 is primarily
concentrated on the top of the building and within the downwind recirculation area. As Rib increases,
the TKE/uH

2 decreases in the top and wake regions of the building. With increasing Rib, the ground-
level pollutant concentration first increases and then decreases, the height of the downwind plume
gradually reduces, while the maximum concentration in the plume rises.

Keywords: stable stratification; numerical investigation; tall buildings; dispersion

1. Introduction

At present, society is facing the acceleration of urbanization, the rapid growth of the
urban population, and increasingly prominent urban environmental problems. Accordingly,
the investigation of flow patterns and pollutant distribution around residential buildings,
particularly skyscrapers and tall buildings, has become a hot research topic. Among
urban environmental problems, the leakage of harmful gases will have a serious impact on
human health, environmental quality and climate change. There are many factors affecting
pollutant diffusion, such as the wind speed, building shape, and thermal stratification. The
thermal stratification is one of the main factors affecting the atmospheric boundary layer
structure, wind speed, temperature and turbulence profile.

In atmospheric boundary layers, buoyancy can either suppress or intensify vertical
motion in stratified flows. As stratified airflow encounters obstacles, the disturbed air
generates downstream back waves, resulting in significant alterations to the flow field.
The study of thermal stratification is of great significance in atmospheric science. Stable
atmospheric conditions are often caused by the occurrence of high-intensity temperature
inversion. Temperature inversions are primarily caused by the sinking of air and adiabatic
warming. Temperature inversion and stable atmospheric stratification can lead to deterio-
ration of urban ventilation and the urban heat island effect, resulting in negative impacts
on the urban environment and human health. In areas affected by temperature inversion,
the atmosphere tends to be stable, inhibiting convective processes. Generally, temperature
inversion are accompanied by weak surface winds (except those caused by cold waves),
which prevent the dispersion of urban pollutants. This leads to even more severe air
pollution and a decline in air quality. Under conditions of light wind, thermal buoyancy
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or thermal forcing can influence or dominate the airflow structure and the dispersion of
pollutants. Three types of flow patterns can be classified based on the Richardson number
(Ri). When Ri < 0.1, wind dynamics dominate urban airflow. When Ri > 10, thermal buoy-
ancy dominates urban ventilation. When 0.1 < Ri < 10, both forces are important, and their
interactions determine the intensity of urban turbulence and the dispersion of pollutants.
However, due to the experimental limitations, most investigations in this field have concen-
trated on the atmospheric boundary layer under neutral stratification [1–5]. Furthermore,
investigations into stable stratification primarily involve weakly stable stratification, with
limited research conducted on the flow characteristics and turbulent flows within stable
boundary layers. Yassin et al. [6] studied the influence of buildings under weak stable
stratification on the surrounding flow field and pollutant dispersion through wind tunnel
experiments. However, the influence of buildings under strong stable stratification on
pollutant diffusion needs further study. Mavroidis et al. [7] conducted experiments and
investigated the impact of building shapes under weakly unstable and neutral stratification
conditions on pollutant diffusion and found that the concentration upwind of different
obstacles depends on the proportion of the plume involved and the size of the circulating
flow area. The larger the obstacle is, the lower the ground concentration. Uehara et al. [8]
carried out experiments to investigate the influence of regular cubic buildings stratified at
a different Richardson number (Rib) from −0.21 to 0.79 on pollutant diffusion and found
that the turbulent kinetic energy in street valleys under stable stratification is lower than
that under unstable stratification. Due to buoyancy, the downward flow into the street
valley is weakened. Ohya et al. [9,10] studied flow patterns in stable atmospheric boundary
layers and demonstrated that a stable layer can suppress the formation of turbulence. Con-
sequently, both the momentum and heat flux in the entire boundary layer approach zero.
Under strong stable stratification, a low turbulence intensity and intermittent turbulence
play dominant roles, turbulence caused by shear force is significantly suppressed, and the
vortex size is reduced. In addition, there will be gravity waves in the boundary layer, which
further increases the difficulty and complexity of the study of stable stratification.

With the development of computational algorithms, CFD techniques have been widely
used to simulate pollutant diffusion around urban buildings. For instance, Olvera [11]
numerically studied the impact of skyscrapers on pollutant diffusion under different
thermal stratifications. Nakamura and Oke [12] measured the temperature distribution
in the street valley under unstable stratification, and Roach [13] analyzed the turbulence
changes in the street valley. The vertical component decreased with increasing height under
neutral stratification. Mahuixin et al. [14] utilized steady Reynolds-averaged Navier-Stokes
(SRANS) and large eddy simulation (LES) techniques to analyze the airflow patterns around
isolated buildings, taking into account the impact of buoyancy originating from variations
in density between pollutants and the surrounding air. Unstable stratification increases the
concentration fluctuation above the pollution source, and stable stratification can inhibit the
diffusion of pollutants. Jeong et al. [15] conducted a numerical investigation to explore the
effects of a cubic building on the pollutant dispersion in the nearby area, considering various
atmospheric stability conditions. They found that during stable stratification, the pollutant
plume behind the building spreads horizontally, thereby increasing the concentration
of pollutants near the ground compared to unstable and neutral stratifications. Guo
Dongpeng et al. [16] numerically studied the influence of isolated buildings and buildings
under various thermal stratifications on airflow patterns and verified the results through
experimental data. The results show that the velocity and turbulent kinetic energy (TKE) in
the wake region of buildings decrease under stable stratification, and the slight decrease in
turbulent kinetic energy in the atmosphere under stable stratification is related to the change
in the temperature gradient. The impact of buildings on airflow patterns is especially more
pronounced along the horizontal direction, while the influence in the vertical direction is
relatively small. Shi Xuefeng et al. [17,18] simulated the influence of isolated buildings
on airflow patterns and pollutant diffusion across various Rib numbers and verified the
results through experiments. It was found that with the increase in Rib numbers, the static
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point in front of buildings moved up, the distribution range of pollutants in the vertical
direction reduced, and the peak concentration raised gradually. Bazdidi-Tehrani et al. [19]
employed the LES method to explore the influence of various thermal stratifications on
airflow patterns and pollutant diffusion around a 1:1:2 tall building. However, they only
focused on weak stable stratification. The performed comprehensive literature survey
reveals that a systematic investigation is required to explore the influence of stable layers
on the flow pattern and diffusion around tall buildings. Rahmatmand et al. [20] and
Tavakol et al. [21] conducted wind tunnel experiments on airflow distribution around
dome-roof models. Ntinas et al. [22] discovered that the airflow and velocity of arched-roof
buildings shows dramatic variation from the upstream corners of the roof, while for pitched
roof buildings, the airflow shows dramatica variation from the roof itself. The findings
suggest that different building shapes have a significant impact on the airflow patterns
around them.

In the study of buildings under different thermal stratifications mentioned above,
most building models were cubic simplified building models. In fact, the height–width
ratio of buildings in urban areas is usually greater than 1. The majority of tall buildings
are rectangular. In this study, tall buildings with a ratio of 1:1:2 (length:width:height) were
chosen as the research object. The influence of buildings has been widely studied, and
the coupling effect of the two factors of building and atmospheric stability is the current
research hotspot. Previous research on simplifying tall buildings is often conducted under
neutral or weakly stable atmospheric conditions, while the research under the condition
of stable stratification is relatively limited. In particular, the flow pattern and diffusion
of pollutants around the tall buildings under the strong stable stratification still need to
be studied systematically. Therefore, it is meaningful to study the influence of stable
stratification on the flow pattern and diffusion around tall buildings, providing an effective
reference database for the influence of buildings on pollutant diffusion, pedestrian comfort
and wind loads on structures. In this paper, the combined influence of tall buildings and
thermal stratification is considered, and the k-ε model is used to simulate the influence
of tall buildings on flow. On this basis, CFD is used to study the influence of different
stable stratification, especially strong stable stratification, on the flow pattern and pollutant
diffusion around 1:1:2 (length:width:height) tall buildings.

2. Numerical Method

In this study, the RANS method is used to simulate atmospheric flow and pollutant
diffusion. Low-velocity flows can be considered incompressible, resulting in simplified
conservation equations in the form below:

∇·
(

ρ
→
U
)
= 0 (1)

∇·
(

ρ
→
U

→
U
)
= −∇p +∇·τ + SB (2)

∇·
(

ρ
→
UcpT

)
= ∇·(kT∇T) + Sr (3)

∇·
(

ρ
→
Uym

)
= ∇·Dm∇(ym) + Sm m = 1, n (4)

where SB, Sr and Sm are defined by the following formula:

ϕm = 1 + 4.7
z
L

(5)

ϕh = 0.74 + 4.7
z
L

(6)
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The Reynolds number (Re) is calculated with formula:

Re =
uH H

v
(7)

The TKE (k) and turbulent dissipation (ε) are defined as follows:

k =
u∗2√

Cµ
(8)

ε(z) =
u∗3

kz
(9)

where Cµ is an empirical constant. In this article, this parameter is set to Cµ = 0.09.
The k-ε model and the SIMPLE and QUICK algorithms are employed to obtain tur-

bulence stresses and solve the governing equations, respectively [23]. The convergence is
achieved when the residuals of all variables drop below 10−4.

3. Simulation Setting

The computational domain is set to 18 H × 10 H × 10 H (length × width × height),
and a hexahedral structured mesh is adopted. Figure 1 shows the meshed domain. The
boundary conditions follow the guidelines of the Japanese Architectural Society (AIJ)
(2008) [24]. The inlet boundary conditions are based on the wind speed profile and temper-
ature profile, which are completely consistent with those used in wind tunnel experiments,
and different thermal stratifications are realized by adjusting the temperature gradient. The
outlet boundary is fully developed, through which all fluids flow out. Symmetrical wall
conditions are set on both sides of the calculation domain. The top boundary is a smooth
wall. The ground boundary is defined as the non-slip wall condition. The inlet boundary
condition wind speed changes exponentially with height, and the temperature gradient
is formed by adjusting the temperature at different heights to simulate the atmospheric
boundary layer under different thermal stratifications.
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The profiles of the inlet air velocity and temperature are illustrated in Figure 2. The
wind profile in Figure 2 is consistent with the wind tunnel experiments. The basic principle
of wind tunnel experiments is the similarity theory, and the similarity of thermal stratifica-
tion is to ensure that the bulk Richardson number is similar. At the same time, in order to
study the influence of different thermal stratification on flow pattern and pollutant diffu-
sion, the temperature profile was changed in the CFD simulation process, then different
stable stratification types were obtained. At this time, the numerical simulation conditions
are based on the scale of wind tunnel experiments. Under the same wind speed, in order
to simulate different stable stratification types, it was necessary to ensure that the bulk
Richardson number was equal, and the temperature gradient needs to be increased, so
large values appear here.

Atmosphere 2024, 15, x FOR PEER REVIEW 5 of 18 
 

 

The profiles of the inlet air velocity and temperature are illustrated in Figure 2. The 
wind profile in Figure 2 is consistent with the wind tunnel experiments. The basic princi-
ple of wind tunnel experiments is the similarity theory, and the similarity of thermal strat-
ification is to ensure that the bulk Richardson number is similar. At the same time, in order 
to study the influence of different thermal stratification on flow pattern and pollutant dif-
fusion, the temperature profile was changed in the CFD simulation process, then different 
stable stratification types were obtained. At this time, the numerical simulation conditions 
are based on the scale of wind tunnel experiments. Under the same wind speed, in order 
to simulate different stable stratification types, it was necessary to ensure that the bulk 
Richardson number was equal, and the temperature gradient needs to be increased, so 
large values appear here. 

  
(a) (b) 

Figure 2. Inlet wind profile (a) and temperature profile (b). 

In this paper, the independence analysis of three kinds of grids at 0.25 H on the lee-
ward side of the building under unstable stratification is carried out, in which the number 
of coarse grids is approximately 320,000 and the size of the building surface grids is 0.016 
m. The total number of default grids is approximately 7 million, and the grid size on the 
building surface is set to 0.004 m. The total number of fine grids is approximately 12 mil-
lion, and the size of the building surface grid is 0.002 m. Figure 3a,b illustrate the normal-
ized longitudinal wind speed and temperature at various altitudes, demonstrating achiev-
ing results independent of the grid size. Considering the calculation time and computa-
tional costs, the default grid is used in all simulations. 

The equilibrium atmospheric boundary layer is the most important link in the CFD 
simulation process. Figure 3c,d illustrate the longitudinal wind velocity and temperature 
at various heights, respectively. It is observed that the atmospheric boundary layer exhib-
its a good retention effect at various heights. 

Figure 2. Inlet wind profile (a) and temperature profile (b).

In this paper, the independence analysis of three kinds of grids at 0.25 H on the
leeward side of the building under unstable stratification is carried out, in which the
number of coarse grids is approximately 320,000 and the size of the building surface grids
is 0.016 m. The total number of default grids is approximately 7 million, and the grid size
on the building surface is set to 0.004 m. The total number of fine grids is approximately
12 million, and the size of the building surface grid is 0.002 m. Figure 3a,b illustrate the
normalized longitudinal wind speed and temperature at various altitudes, demonstrating
achieving results independent of the grid size. Considering the calculation time and
computational costs, the default grid is used in all simulations.

The equilibrium atmospheric boundary layer is the most important link in the CFD
simulation process. Figure 3c,d illustrate the longitudinal wind velocity and temperature
at various heights, respectively. It is observed that the atmospheric boundary layer exhibits
a good retention effect at various heights.



Atmosphere 2024, 15, 16 6 of 17Atmosphere 2024, 15, x FOR PEER REVIEW 6 of 18 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 3. Grid dependence verification((a) Vertical profile velocity distribution. (b) Vertical profile 
temperature distribution. (c) Velocity vertical profiles at different locations in the cavity area. (d) 
Temperature distribution at different locations in the cavity area). Note: Where Ld is the length of 
the computational field. 

4. Model Validity Analysis 
In this study, wind tunnel experiment results from AIJ’s open dataset are used to 

analyze the model’s validity. The dimensions of the wind tunnel experimental building 
are as follows: a width (W) of 0.08 m, a length (D) of 0.08 m and a height (H) of 0.16 m 
(W:D:H = 1:1:2). The inflow velocity profile exponent is approximately 0.27, and the Reyn-
olds number (Re) at the top of the building is approximately 15,000. The point source of 
pollution is located at a height of 0.04 m on the leeward side with a diameter of 0.005 m. 
The tracer gas used is C2H4, and the emission rate is 6 39.17 10 m sq −= × . Table 1 pro-
vides the setting of the main parameters. 

  

Figure 3. Grid dependence verification((a) Vertical profile velocity distribution. (b) Vertical profile
temperature distribution. (c) Velocity vertical profiles at different locations in the cavity area. (d) Tem-
perature distribution at different locations in the cavity area). Note: Where Ld is the length of the
computational field.

4. Model Validity Analysis

In this study, wind tunnel experiment results from AIJ’s open dataset are used to
analyze the model’s validity. The dimensions of the wind tunnel experimental build-
ing are as follows: a width (W) of 0.08 m, a length (D) of 0.08 m and a height (H) of
0.16 m (W:D:H = 1:1:2). The inflow velocity profile exponent is approximately 0.27, and the
Reynolds number (Re) at the top of the building is approximately 15,000. The point source
of pollution is located at a height of 0.04 m on the leeward side with a diameter of 0.005
m. The tracer gas used is C2H4, and the emission rate is q = 9.17 × 10−6 m3/s. Table 1
provides the setting of the main parameters.

The diffusion of tracer gas is analyzed using the passive diffusion method, comparing
the normalized concentration K = c

c0
. In this analysis, c represents the gas concentration,

c0 =
cgasq

uH ·H2 , cgas represents the concentration of the released tracer gas, cgas = 5.0× 104 ppm,
and q represents the source strength.

Figures 4 and 5 illustrate the normalized velocity and pollutant concentration at
x/H = 0.125, 0.25 and 0.375 along the wind direction centerline. The graphs exhibit
excellent consistency between the numerical results and experimental data. The small
variations may be attributed to uncertainties in estimating the influence of shear forces on
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the recirculation region caused by the windward side. Additionally, CFD cannot accurately
simulate the anisotropic turbulence stresses in the recirculation region, resulting in an
underestimation of the concentration in the windward face of the building and the high
concentration gradient in that area [25,26].

Table 1. Wind tunnel experiments and CFD main parameters.

Stability Rib uH Re n TW (◦C) TH (◦C)

Wind tunnel Unstable −0.1 1.37 14,613 0.27 45.3 11.3

CFD

Unstable −0.1 1.37 14,613 0.27 45.3 11.3

Stable

0.08 17.7 45.5
0.2 1.37 14,613 0.27 17.7 87.3
0.5 17.7 191.7

0.75
0.6 6400

17.7 67.7
1.0 0.27 17.7 84.4
1.5 17.7 117.8

Note: Rib is the Richardson number, Re is the Reynolds number, TW (◦C) is the ground temperature, TH (◦C) is
the top boundary temperature.
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5. Results and Discussion

The present article explores the influences of different Rib on the airflow pattern
and pollutant dispersion around buildings under stable atmospheric stratification. The
normalized longitudinal and vertical velocities and concentration distributions are obtained
at x/H = 0.125, 0.25, 0.375, 0.5, 1.0 and 1.5. The flow field, concentration field and TKE at
vertical (y/H = 0) and horizontal (z/H = 0.025) profiles are analyzed.

5.1. Flow Field
5.1.1. Distribution of the Mean Longitudinal Velocity

Figure 6 shows the normalized longitudinal velocity (u/uH) at various positions on
the leeward side for varying Rib values. It is observed that when x/H < 1.0, z/H < 0.4
and Rib ≤ 0.5, the airflow is affected by the turbulence induced by the building, and
variations in the flow field are not significant. When Rib ≥ 0.75, the effect of strong stable
stratification starts to appear, and the value of u/uH gradually increases. When x/H = 1.5
and Rib ≥ 0.75, the buoyancy effect generated by strong stable stratification suppresses the
vertical movement of the airflow, leading to the formation of a secondary recirculation zone
near the ground on the leeward side of the building, where u/uH > 0 at different heights.
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5.1.2. Distribution of the Mean Vertical Velocity

Figure 7 illustrates the normalized vertical velocity (w/uH) at various positions on the
leeward side of buildings for Rib values. It is observed that when z/H < 0.5 and Rib ≤ 0.5,
the bottom airflow is affected by wind shear, resulting in no significant difference in w/uH.
However, when Rib ≥ 0.75, w/uH changes rapidly. This is mainly because, under strong
stable stratification, the dominant role of buoyancy inhibits the vertical movement of the
airflow. When z/H > 1.0, as Rib increases, w/uH gradually rises due to the inhibiting effect
of strong stable layers. For x/H ≤ 0.375, there is a noticeable variation in w/uH due to the
influence of the building’s recirculation zone. When x/H ≥ 0.5, the influence of thermal
stratification on the flow field gradually becomes apparent, and when Rib ≥ 0.75, the peak
height of w/uH gradually increases.
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Figure 7. The normalized vertical mean velocity w/uH at different locations on the leeward side of
the building.

5.1.3. Flow Pattern

Figures 8 and 9 show streamlines around the building for different Rib values at
y/H = 0 and z/H = 0.025, respectively. As seen from Figures 8 and 9, when Rib = 0.08,
the height of the static stagnation point in front of the building is approximately 0.6 H,
the reattached length of the wake on the leeward side of the building is 1.4 H, a vortex is
generated in the backflow area behind the building and a small cavity is also generated
under the leeward side of the building. The range of the horizontal direction affected
by the disturbance of the building is approximately 1.6 H. When Rib = 0.2, the static
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stagnation point in front of the building moves upward and reaches 0.8 H, the length of the
wake area on the leeward side increases to 1.7 H and the range of the horizontal direction
affected by building-induced disturbances increases to 1.8 H. When Rib = 0.5~1.0, the strong
stable stratification inhibits the flow movement, and a laminar flow pattern appears. The
transition between the two mechanisms occurrs near Rib = 0.2. The airflow pattern changes
near the building, the static stagnation point in front of the building moves upward, and
the recirculation zone at the top of the building gradually moves backward. Meanwhile,
the wake reattachment length on the leeward side of the building begins to shorten, the
vortex on the leeward side gradually moves to the top of the building, the cavity area
under the leeward side also gradually moves up and the influence range in the horizontal
direction begins to decrease. In particular, when Rib = 1.5, the height of the static stagnation
point approaches 0.9 H, the attachment length reduces to 0.5 H, the height of the vortex
on the leeward side is the highest, the cavity area reduces, and the influence range in the
horizontal direction reduces to 1.4 H.
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In summary, when Rib < 0.5, the static point front of the building moves up, and the
reattachment length of the wake area on the leeward side and the disturbed range along
the horizontal direction increase; when Rib ≥ 0.5, the recirculation zone located at the top
of the building shifts back, and the reattachment length of the wake on the leeward side
and the disturbed range in the horizontal direction show a decreasing trend. The position
of the vortex in the recirculation zone on the leeward side gradually increases. CFD can
be used to simulate the changes in the static stagnation point on the windward side, the
top and the recirculation zone on the leeward side, and the development trend of the near
wake area and the recirculation zone on the leeward side.

In conclusion, stronger ambient turbulence induces reattachment at the top of build-
ings and decreases the size of cavities on the leeward side. Guo et al. [17] conducted CFD
simulations to study the influence of flow patterns and pollutant dispersion in buildings
for various thermal stratifications. Zhang et al. [27] carried out experiments and performed
simulations to explore the flow patterns affected by buildings for various thermal stratifi-
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cations. The results revealed that strong stable stratification inhibits the development of
turbulent kinetic energy. Meanwhile, it was found that the leeward side exhibits a shorter
length of the recirculation zone. The results in this paper show that as Rib increases, the
recirculation zone on the leeward side first expands and then diminishes.
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5.2. Turbulent Kinetic Energy TKE/uH
2

Figure 10 shows the influence of buildings on normalized TKE (TKE/uH
2) for various

Rib values. It is observed that the region with high TKE/uH
2 values surrounding the

building is predominantly concentrated in the windward corner of the building. When
Rib = 0.08~0.5, the TKE/uH

2 distribution around the building changes significantly. In
particular, the TKE/uH

2 in the cavity area decreases significantly. When Rib increases from
0.5 to 1.5, the buoyancy generated by the strong stable stratification plays a dominant role,
suppressing the vertical turbulent motion and reducing the TKE/uH

2 in the wake area of
the leeward side, while the high TKE/uH

2 area in the leeward side and the recirculation
zone gradually disappear with increasing Rib.



Atmosphere 2024, 15, 16 12 of 17

Atmosphere 2024, 15, x FOR PEER REVIEW 12 of 18 
 

 

  

  
Figure 9. Streamlines in a horizontal section (z/H = 0.025) for different values of Rib. 

In conclusion, stronger ambient turbulence induces reattachment at the top of build-
ings and decreases the size of cavities on the leeward side. Guo et al. [17] conducted CFD 
simulations to study the influence of flow patterns and pollutant dispersion in buildings 
for various thermal stratifications. Zhang et al. [27] carried out experiments and per-
formed simulations to explore the flow patterns affected by buildings for various thermal 
stratifications. The results revealed that strong stable stratification inhibits the develop-
ment of turbulent kinetic energy. Meanwhile, it was found that the leeward side exhibits 
a shorter length of the recirculation zone. The results in this paper show that as Rib in-
creases, the recirculation zone on the leeward side first expands and then diminishes. 

5.2. Turbulent Kinetic Energy TKE/uH2 
Figure 10 shows the influence of buildings on normalized TKE (TKE/uH2) for various 

Rib values. It is observed that the region with high TKE/uH2 values surrounding the build-
ing is predominantly concentrated in the windward corner of the building. When Rib = 
0.08~0.5, the TKE/uH2 distribution around the building changes significantly. In particular, 
the TKE/uH2 in the cavity area decreases significantly. When Rib increases from 0.5 to 1.5, 
the buoyancy generated by the strong stable stratification plays a dominant role, suppress-
ing the vertical turbulent motion and reducing the TKE/uH2 in the wake area of the leeward 
side, while the high TKE/uH2 area in the leeward side and the recirculation zone gradually 
disappear with increasing Rib. 

  

Atmosphere 2024, 15, x FOR PEER REVIEW 13 of 18 
 

 

  

  
Figure 10. Vertical profile (y/H = 0) of turbulent kinetic energy (TKE/uH2). 

5.3. Concentration Field 
Figure 11 illustrates the normalized vertical distribution of the pollutant concentra-

tion at different positions along the central axis. It is observed that when z/H < 0.8 and x/H 
= 0.125, Rib = 0.08~0.2. Due to the influence of strong mechanical turbulence, the maximum 
ground concentration is the same, and the height of the peak concentration value in the 
center of the plume is also basically the same. When Rib = 0.5, the thermal stratification 
slightly affects the pollutant dispersion, and the ground concentration value decreases. 
When Rib = 0.75~1.0, the ground concentration decreases further; however, the height of 
the peak concentration in the center of the plume increases. When Rib = 1.5, the plume 
center concentration increases. When x/H = 0.25~0.375 and Rib = 0.08~1.0, the ground con-
centration and plume height gradually increases; however, when Rib = 1.5, the ground 
concentration decreases. When x/H= 0.5~1.5, the airflow gradually breaks away from the 
influence of the building and returns to the inflow state, and the change in the pollutant 
concentration under different Rib tends to be stable. When Rib = 0.08~0.5, the ground con-
centration increases, and when Rib = 0.75~1.5, the ground concentration decreases. When 
z/H > 0.8, with the increase in Rib, the height of the plume gradually decreases at different 
downwind distances. 

Comprehensive analysis showed that with increasing Rib, the vertical distribution 
range of the plume decreased, and the height of the peak concentration in the center of 
the plume gradually increased. Meanwhile, the ground concentration rose initially and 
then decreased. This is because vertical motion is inhibited under a strong stable stratifi-
cation atmosphere, and the influence of thermal stability increases the concentration of 
pollutants in the wake zone. 
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5.3. Concentration Field

Figure 11 illustrates the normalized vertical distribution of the pollutant concentration
at different positions along the central axis. It is observed that when z/H < 0.8 and
x/H = 0.125, Rib = 0.08~0.2. Due to the influence of strong mechanical turbulence, the
maximum ground concentration is the same, and the height of the peak concentration
value in the center of the plume is also basically the same. When Rib = 0.5, the thermal
stratification slightly affects the pollutant dispersion, and the ground concentration value
decreases. When Rib = 0.75~1.0, the ground concentration decreases further; however,
the height of the peak concentration in the center of the plume increases. When Rib = 1.5,
the plume center concentration increases. When x/H = 0.25~0.375 and Rib = 0.08~1.0, the
ground concentration and plume height gradually increases; however, when Rib = 1.5,
the ground concentration decreases. When x/H= 0.5~1.5, the airflow gradually breaks
away from the influence of the building and returns to the inflow state, and the change in
the pollutant concentration under different Rib tends to be stable. When Rib = 0.08~0.5,
the ground concentration increases, and when Rib = 0.75~1.5, the ground concentration
decreases. When z/H > 0.8, with the increase in Rib, the height of the plume gradually
decreases at different downwind distances.
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Comprehensive analysis showed that with increasing Rib, the vertical distribution
range of the plume decreased, and the height of the peak concentration in the center of the
plume gradually increased. Meanwhile, the ground concentration rose initially and then
decreased. This is because vertical motion is inhibited under a strong stable stratification
atmosphere, and the influence of thermal stability increases the concentration of pollutants
in the wake zone.

Figure 12 demonstrates that at z/H = 0.025, as the Rib increases from 0.08 to 0.75, the
ground concentration range decreases along the horizontal direction, while it increases
perpendicular along the y direction. In particular, at Rib = 1.5, the area with high pollutant
concentrations is larger than that at Rib = 0.75, and this high-concentration region is
predominantly situated near the leeward side. This is because, under the strong stable
stratification, a small return cavity area is formed under the leeward side, and pollutants
are adhered near the leeward, resulting in an increase in the near-ground concentration of
the building.
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Figure 13 illustrates that along the vertical direction (y = 0), the peak concentration near
the emission source gradually shifts from the upwind side to the downwind side, the central
axis of the plume gradually reduces and the plume height gradually tilts to the ground. This
observation may be attributed to the presence of strong stable stratification, which creates a
backflow cavity below the leeward side, preventing pollutants from diffusing upwind.

Figures 12 and 13 show the pollutant diffusion results for various values of Rib at
y/H = 0 and z/H = 0.025. It is observed that when Rib decreases from 0.2 to 0.08, there
is little difference in the concentration change around the building. When Rib increases
from 0.5 to 1.5, due to significant changes in the flow, turbulence is greatly inhibited, and
the diffusion of pollutants also changes greatly. Strong stable stratification inhibited the
pollutant dispersion and reduced the plume spread range, and the pollutants remained
on the leeward side. Horizontally, the plume width decreased as Rib increased, and
the region with high concentrations gradually shifted toward the leeward side. When
Rib = 1.5, the more stable the stratification is, the more obvious the reduction in turbulence.
The disappearance of the backflow cavity on the top and windward sides results in a sharp
decrease in vertical and lateral diffusion and an increase in the concentration of pollutants
on the ground. Influenced by the flow field, pollutants adhere to the leeward wall of
the building.

In summary, when Rib = 0.08~0.5, the flow around the building is strongly affected
by the wind shear force, resulting in a vortex dominated by mechanical turbulence, which
causes the horizontal diffusion of pollutants. When Rib ≥ 0.75, the thermal turbulence
generated by temperature plays a leading role and inhibits the development of mechanical
turbulence under stable stratification, causing pollutants near the wall to move closer to
the leeward side, adhere to the leeward side, and be affected by buoyancy. The high-
concentration area of pollutants downwind of buildings is mainly concentrated near the
height of z/H = 0.6.
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6. Conclusions

The present study investigates the effects of the flow patterns and pollutant dispersion
around buildings for various Rib values. The main achievements can be summarized
as follows:

When Rib = 0.08, 0.2 and 1.5, the heights of the stagnation points in front of the
building are 0.6 H, 0.8 H and 0.9 H, respectively. The lengths of the wake reattachment
on the leeward side of the building are 1.4 H, 1.7 H and 0.5 H, respectively. The range of
the horizontal flow field affected by the tall building is 1.6 H, 1.8 H and 1.4 H, respectively.
When Rib > 0.2, the buoyancy generated by the stable stratification inhibits the airflow
movement around the building. Accordingly, temperature stratification significantly affects
the flow pattern. As Rib increases, the static point on the windward side and the vortex
position in the recirculation zone on the leeward side gradually move to the upper part of
the building, the length of the recirculation zone on the leeward side first increases and
then decreases and the influence range of the disturbance in the horizontal direction first
increases and then decreases.

The high TKE/uH
2 area around the building is mainly located on the top of the

building, and the recirculation zone is downwind. When Rib ranges from 0.08 to 0.5, the
TKE/uH

2 in the cavity area around the building significantly decreases. When Rib increases
from 0.5 to 1.5, the high TKE/uH

2 area in the leeward side and the recirculation zone
gradually disappear.

With the increase in Rib, the concentration of ground pollutants first increased and
then decreased, the height of the plume gradually reduced and the height of the peak
concentration of the plume center raised. When Rib = 0.08~0.5, the flow around the
building is strongly affected by the wind shear force, resulting in a vortex dominated
by mechanical turbulence, which causes the horizontal diffusion of pollutants. When
Rib ≥ 0.75, stable stratification suppresses the development of mechanical turbulence,
causing pollutants near the wall to move closer to the leeward side and adhere to the
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leeward sidewall of the building. Additionally, affected by buoyancy, the high concentration
area of pollutants downwind of the building is mainly concentrated near the height of
z/H = 0.6.
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Nomenclature

Description of symbols
→
U velocity vector τ viscous stress tensor

ρ density
cp specific heat at a constant

pressure
p pressure kT thermal conductivity
ym mass fraction Dm diffusion coefficient of m
T temperature u Velocity
u∗ friction velocity z height
z0 ground roughness H reference height
θ potential temperature L Monin–Obukhov length
θ∗ temperature scale Qh ground sensible heat flux

uH average flow velocity at the reference height H
v kinematic viscosity

coefficient
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