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ABSTRACT 

Increasing CO emissions particularly from urban traffic 

are a continued concern for building standards and 

regulations.  Researchers have attempted to address this 

problem by using CFD simulation to simulate the 

pollution dispersion in an area. Simulation results help 

policy makers create best solutions. However, much of 

this valuable research underestimates the impact of 

building height on street level pollution distribution, 

particularly in very high buildings (more than 100 m). 

This paper reports results from one extremely tall 

building (250 m) case in a high density urban area that 

exhibits a counterintuitive distribution of pollution. 

Using a coupled natural ventilation model, 3D 

incompressible turbulent flow and mass transfer 

problems of the skyscraper is solved with SST k- 

turbulent model in ANSYS Fluent. Openings are 

created on the exterior walls of the target building. 

Findings show that indoor air speed increases with 

increased outdoor wind speed with high speeds 

observed near openings. Additionally,  CO does not 

flow into the skyscraper due to pressure distribution. 

These results suggest the need to continue exploring 

how building height and building surroundings may 

influence pollution distribution in urban areas.   

INTRODUCTION 

The United Nations predicted that, by 2050, 66% of the 

world’s population will live in urban areas creating the 

need for inovative building design and urban planning. 

High-rise buildings have become an effective solution 

for urban development. 

Since people spend about 80% of their time in indoor 

space, it is important to pay attention to the effect of 

indoor environments on human health and behavar. 

Research shows that efficient natural ventilation can 

provide high indoor air quality and good thermal 

comfort as well as low energy consumption. 

Because indoor and outdoor environments are highly 

related, ensuring good outdoor conditions is crucial for 

natural ventilaion design. However, air pollution, 

particullary CO emssion,  is a major issue in urban 

areas and carries significant risk for human health and 

indoor air quality. In high density cities, such as Beijing 

and Shanghai in China, people are suffering from sever 

air pollution problems.  

Given the health risks, pollution concentrations in 

ambient air raise concern in building ventilation 

standards. The IAQ Procedure is one of the three 

procedures for ventilation design defined in ASHRAE 

62.1 (2013), which is based on contaminant sources, 

contaminant concentration limits, and level of 

perceived indoor air acceptability. Worldwide selected 

standards and guidelines for acceptable concentrations 

of contaminants in ambient air are presented as 

background to consider when using the IAQ proceduer.  

The contamiant concentration limits in the ambient air 

are the same for all building heights. This paper 

explores the possiblity that building height has an 

impact on traffic-induced pollution distribution. To find 

whether indoor air quality of a naturally ventilated 

super tall building is affected by traffic emitted 

pollution from idling cars in the street, this paper 

focuses on CO transport through building openings.  

The interactions between the indoor and outdoor 

envrionments requires a coupled cross-ventilation 

approach. Due to the complexity of a large-scale 

computation domain with fine details of the openings in 

the building, coupled cross ventilation has often been 

studied with a single zone configuration (Cheung and 

Liu 2011, Larsen et al. 2011, Teppner et al. 2014, 

Shetabivash 2015). Recently, a few studies have 

performed pollution dispersion using coupled indoor 

and outdoor CFD simulations with more complex 

configurations in a larger scale (Yang et al. 2015, Tong 

et al. 2016).  While the results show that traffic 

pollutants transport into the room, however, they only 

considered either an isolated building or a building in a 
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relatively low height. Buildings in high-density urban 

areas have rarely been studied. In addition, high-rise 

buildings higher than 100 m (such as skyscrapers which 

are common in high-density urban area) are not found 

in the literature. To address the gap, this paper 

considers pollutant transport based on coupled indoor 

and outdoor interactions by modelling a skyscraper 

(250 m) in a high-density urban area with surrounding 

buildings. 

PROBLEM SETUP 

Fig. 1 shows the computational domain and boundary 

conditions. The urban geometry is from the database of 

Architecture Institute of Japan (Architecture Institute of 

Japan, 2015). To save computational resources while 

still providing satisfactory results, the computational 

domain is resized based on suggestion by Yoshie et al. 

(2007). The computational domain is a cubic area with 

dimensions of 1800 m, 1800 m and 750 m in x, y and z 

direction, respectively. The skyscraper locates in the 

center of the domain with a dimension of 62.5 m × 62.5 

m × 250 m. There are in total 34 low-rise urban blocks 

in the computational domain. Each block is 100 m × 

100 m × 25 m. The skyscraper has 60 floors. The height 

of each floor is 4 m. According to typical construction 

layer of U.S. Department of Energy (DOE) reference 

buildings, the thickness of the wall is assumed to be 0.3 

m (DOE, 2015). Openings are created on both north 

and south surfaces of four different floors (F1, F10, F30 

and F60) for cross ventilation. Each surface has 6 

openings with the same dimension (6 m × 2 m × 0.3 m). 

The openings are defined 1 m above the floor slab 

level.  

A velocity inlet is assigned to the front surface and a 

pressure outlet with a zero gauge pressure is defined at 

the back surface. The inlet velocity is calculated by the 

user-defined function. It is specified as a function of the 

height as shown in the atmospheric boundary condition 

section. The bottom plan uses the no-slip boundary 

condition, and the other three planes use the symmetry 

boundary conditions. Four volumetric sources 

representing traffic emission from the vehicles are also 

included. They are located in the middle between each 

low-rise building. More detailed information can be 

found in the numerical formulation part.   

Fig. 2 shows the mesh configuration of the urban 

model. Local refinement is performed for the 

skyscraper and the openings to capture enough details 

between indoor and outdoor spaces.  

Figure 1 Computational domain and boundary 

conditions  

Figure 2 Mesh configuration and local refinement 

NUMERICAL FORMULATION 

This problem studies the transport of the species, which 

is driven by the incoming wind flow. Therefore, the 

mass transport and momentum equation need to be 

solved simultaneously. The turbulence is solved by 

using Menter’s Shear Stress Transport (SST) model due 

to its best accuracy among different turbulence models 

for cross ventilation (Ramponi and Blocken, 2012). The 

SST k- model has a good merit on the precise 

formulation in the near-wall region. The k-term 

describes turbulent kinetic energy while -term 

represents the scale of the turbulence.  Two transport 

equations are used to calculate k and  as shown in the 

following equations. 
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k  refers to the generation of turbulence kinetic energy 

from mean velocity gradients, which can be calculated 

from the below equation. 
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Gw
represents the generation of , which can be

calculated from the following equation. 

Gw = a
w

k
Gk     (4)

kY and
Y  are the dissipation of k and  from the 

turbulence while kS and S  represents the user defined

source terms. 

Pollution Source 

This study will focus mainly on the transport of CO 

from traffic into the indoor environment. The source 

term in the mass transport is due to the car exhaust. It 

will be modeled as volumetric source, which is related 

to car street dimensions. Based on a study of Uhrner et 

al., (2007), gas temperature quickly reduces to the 

atmospheric temperature near the exhaust pipe region. 

Therefore, flow due to natural convection is negligible 

in the source term. The rate of CO discharged to the 

atmosphere is determined by driving conditions and 

fuel types. This study assumed gasoline vehicles under 

idle condition with a CO rate of 1.7×10
-3

 kg/s (Elliott et 

al., 1955). A typical mid-size car with dimensions of 5 

m × 2 m × 1.4 m (length × width × height) is used. In 

the computational domain, numbers of cars on each 

street are estimated based on car distance and lane size. 

Comfortable distance between cars on the road is a 

function of car speed. Under idle condition (20 km/h), 

10m is defined as the comfortable distance between 

cars (Yang et al., 2014). Each lane is set to be 3.6 m 

wide with a shoulder width of 2.1 m according to the 

U.S. Interstate Highway system (U.S. Federal Highway 

Administration, 2014). Each volumetric source is 

assumed to have two lanes with a length of 850 m. 

According to the above assumptions, the calculated 

source term is 1.45e-5 kg/m
3
/s for each pollution 

source.  

Atmospheric Boundary Conditions 

The atmospheric boundary condition is applied to the 

inlet by using the power law equation as follows 

(Tominaga et al. 2008). 
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ABLU * and Z0
indicate the wind speed and the height at

the reference value. According to local weather data 

station at Carnegie Mellon campus, the minimum, 

average, and maximum wind speed are 0.08 m/s, 1.3 

m/s and 4.26 m/s, respectively. Therefore, in result 

sections, the parametric study will be performed by 

using the wind speed of 1~4 m/s.  

The k,  and  are modeled as a function of height as 

well as the wind speed as described in the following 

equations. 
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The velocity profile from the momentum equation will 

be the force that drives the species over the domain. In 

other word, the mass equation is mainly governed by 

the convective term. The mass transport equation is 

described below. 
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Solver Settings 

3D steady RANS equations have been solved in 

ANSYS Fluent 14.5. SIMPLE scheme is chosen for 

pressure-velocity coupling. Second-order upwind 

scheme is applied to spatial discretization of 

momentum, k, ε and CO. A pressure-based coupled 

algorithm is selected in Fluent for this problem. 

Convergence absolute criteria are set to 1e-5 for 

momentum, 1e-4 for turbulent (k, ω) and CO and 1e-3 

for continuity. 

RESULTS AND DISCUSSION SECTION 

Mesh Sensitivity Analysis 

To find an appropriate mesh density for this problem, 

mesh sensitivity analysis is performed. Three different 

mesh configurations with node number of 2,898,322, 

3,684,513 and 25,225,057, respectively are built by 

implementing all hexahedral mesh. Local refinement is 

applied near the walls and openings to improve 

accuracy.  

Velocity distributions along center line of the openings 

using different mesh densities are shown in Fig. 3. The 

horizontal axis represents the location of the room 

divided by the total length of the room. In other word, 

the front opening is at x/W = 0 while the back opening 

is at x/W = 1. It can be observed that the difference 

between the Medium mesh and the Fine mesh are 

acceptable. By considering the balance between 
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computational time and accuracy, the Medium mesh is 

selected for the following analysis. 

Figure 3 Mesh sensitivity analysis 

Results below are based on the middle plane (z=-900 

m) of the computational domain in elevation views and

y= 2 m (across the center of the openings on the first 

floor) in top views.  

CO Mass Fraction Distribution 

Fig.4 shows the CO mass fraction contours in the 

elevation view (z=-900 m) and the top view (y=2 m). 

High concentration is observed in the four traffic 

regions from the top view. CO is diluted by the 

incoming wind. Downwind areas have less CO mass 

fraction compared with upwind areas. Surprisingly, no 

CO concentration is observed inside the building, which 

is quite counterintuitive. It seems that the skyscraper 

creates a safe umbrella around itself. 

To view the results more clearly, the color map legend 

is adjusted. The maximum legend value of CO is 

reduced, by one order of magnitude, to be 1e-5, which 

keeps as the same order of magnitude as the pollutant 

source. In this way, CO concentration higher than 1e-5 

is colored using red to show pollution reachable area. 

Fig.5 shows the same results as Fig.4 with the modified 

legend. From the magnified view, it can be seen that 

CO from the upwind region ‘halts’ in front of the 

skyscraper, while CO emitted from the downwind side 

is attached to the external wall without dispersing into 

the room. Using the same modified legend, similar 

patterns can be found in Fig.6. CO goes around the 

skyscraper leaving empty spaces in the upwind region 

as well as both lateral sides of the target building.  

Figure 4 CO mass fraction contours (Top: elevation 

view; bottom: top view) 

Figure 5 CO fraction contours from elevation view 

(top: whole domain; bottom: near skyscraper) 
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Figure 6 CO mass fraction contours from the top view 

with modified legend (left: whole domain; right: near 

skyscraper) 

From velocity contours (Fig.7), the air does enter the 

room from openings of each floor. Low velocity region 

is observed in the upwind region.  High velocity regions 

are found when air hits sharp edges, such as the roof of 

the building (elevation view) and corners of the exterior 

walls (top view). Inside the room, velocity contour 

shows clear cross ventilation pattern with relative high 

velocity near openings and lower velocity in the center.  

As velocity is coupled with pressure for SIMPLE 

algorithm, the pressure trends are correlated (Fig.8). 

High pressure region is observed in the upwind region 

and low presuure regions are found when air hits sharp 

edges. From top view, we can see that the pressure 

inside the room is higher than that in the downwind 

region. Inside the floor, relative high speed near upwind 

openings and the center. The pressure near downwind 

openings is negative, which explains why high CO 

concentraion cannot go into the building.  

Velocity vector in Fig. 9 further verifies the conclusion. 

The main airflow inside the floor still follows the 

incoming wind direction. Two big eddies are observed 

on both sides in the building. Backflow happens in the 

upwind region.   

Figure 7 Magnified magnitude of velocity contours 

(top: elevation view; bottom: top view) 

Figure 8 Magnified pressure contours (top: elevation 

view; bottom: top view) 

Figure 9: Magnified velocity vector contours (top: 

elevation view; bottom: top view) 

Parametric studies 

Parametric studies are performed to investigate the CO 

transport under different wind speeds (1~4 m/s). To 

find how CO transports inside the floor, three lines are 

created on z=2 m plane as shown in Fig.10. Numerical 

results on these lines are plotted in Fig.11 and Fig.12. It 

can be seen that CO concentration reduces with the 

increased wind speed. With higher incoming wind 

speed, CO gets more diluted.  

Figure 10 Top view at z=2 m plane (Floor 1) 

Center Left Window

Center Right Window 

Center Wall
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Figure 11Velocity magnitude plots on z= 2m plane 

From Fig.11, high speeds are found at the openings 

when the air enters (x/W=0) or exists (x/W=1) the 

building. Indoor air speed increases with increased 

outdoor wind speed. The velocity fluctuation inside the 

building seems to diminish with the lower wind speed. 

The reason might be that low wind speed generates 

smaller around the skyscraper which has a smaller 

effect on the wind field compared with larger vortices.  

Figure 12 CO mass fraction plots on z= 2m plane 

Fig.12 shows distributions of CO mass fraction. Inside 

the building, there is no CO concentration. Due to 

backflow, the mass fraction is almost zero in the 

upwind region as well. In the downwind region, the 

outside CO concentration reduces with increased wind 

speed. High wind speed helps to dilute CO. 

SUMMARY AND CONCLUSIONS  

3D incompressible turbulent flow and mass transfer 

problems of a skyscraper in a high-density urban area is 

solved with SST k- turbulent model. Openings are 

created on walls of the target building to model cross 

natural ventilation. Steady state simulations are 

performed in ANSYS Fluent 14.5 to study street level 
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traffic emitted CO transport to the indoor space through 

openings. Different numerical solutions are compared 

and analyzed. Conclusions are as follows: 

 CO does not flow into the skyscraper due to 

pressure distribution. This may be related to either 

urban layout or the height of the skyscraper. 

Authors’ continuous research on parametric urban 

morphologies shows that target building height is 

the main factor to cause this phenomenon.  

 Lower surrounding buildings in the high density 

urban area are still influenced by the traffic-induced 

pollution.  

 Indoor air speed increases with increased outdoor 

wind speed. High speeds are observed near 

openings.  

By studying indoor envrionment of a naturally 

ventilated skyscraper through CFD simulation, the 

conclusions can provide suggestions for building 

regulations with respect to street-level pollution 

transport from idling car. The findings may change the 

traditional way we think about pollution problem for a 

skyscraper in high-density urban areas. These results 

suggest the need to continue exploring different 

pollution distribution characteristic in urban areas and 

corresponding air quality standard requirements. This 

study only uses a fixed urban layout and building 

geometry. Future work will focus on variations of urban 

morphology and the impact on pollution transport to 

indoor space.   
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