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Abstract

The ventilation performance of a street in Bangkok, Thailand, was investigated by performing measurements and conducting
a CFD analysis. We focused on a street that was covered by an elevated train station. It was shown that the ventilation efficiency
varied drastically depending on the angle between the street and the wind direction. When the wind direction was parallel to
the street, the elevated structure had a negative influence, which created higher pollutant concentrations than in locations
without elevated structures. However, when the wind direction was perpendicular to the street, the pollutant concentrations in
the two situations were similar. Using a CFD analysis and ventilation performance indexes, it was shown that the elevated
structure directed the wind flow and enhanced the ventilation efficiency, which positively affected ventilation performance.
These kinds of knowledge can lead us to optimize city planning including high-rise buildings with high ventilation efficiency.
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1. Introduction

One option for reducing the density of toxic gases in
the urban atmosphere, and thereby reducing health risks
due to air pollution, is to limit the generation of toxic
gases. Another option is to dilute the generated gas by
mixing urban air with fresh air from higher altitudes. The
ultimate objective of this study is to optimize a mecha-
nism for diluting toxic gases in residential areas and en-
hance urban ventilation efficiency. In particular, this study
aims to optimize the ventilation performance of streets in
Asian cities, where air pollution due to automobile emis-
sions continues to be a significant concern.

Although elevated structures, such as elevated highways
and train stations, enrich the transportation system, they
decrease the air quality below them because such struc-
tures are obstacles to ventilation (Charusombat, 1994).
This tendency is significant if the elevated structures are
surrounded by high-rise buildings. In this paper, we cla-
rify the impact of an elevated structure on the air quality
underneath the structure. First, we performed measure-
ments to qualitatively study the actual situation on a street
beneath an elevated structure in Bangkok, Thailand (Hiyama
et al., 2011a). Then, we conducted CFD analyses to ob-
serve the wind and pollutant dilution characteristics and
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quantitatively evaluate the ventilation performance (Hiyama
et al., 2011b, 2012). For the quantitative analysis, we used
the purging flow rate (PFR) and the local air change rate
(LACR). With the results of the measurements and CFD
analysis, we analyzed the airflow phenomena in a street
canyon with an elevated structure and the vertical venti-
lation performance.

2. Measurements

Concentrations of NO,, which has a strong correlation
with traffic volume, were measured on “Rama I Street” in
Bangkok, Thailand (Hiyama et al., 2011a). This street is
partially covered by the BTS railway and passes by the
BTS “National Stadium Station”. We determined the
effects of elevated structures from measurements taken at
two different locations on the street. The first location (a)
is a point that is not covered by an elevated structure, and
the second, location (b), is a point where there is a BTS
station and all lanes are covered by an elevated structure
(Figure 1).

Figure 2 shows the wind directions measured approxi-
mately 1 km south of the street at the meteorological ob-
servation station at Chulalongkorn University. For wind
direction, an angle of zero degrees represents a northerly
wind. On the 27" of January, the wind was blowing from
the northwest until approximately 7:00, when it shifted to
a constant easterly wind. Because Rama I Street runs east
to west, the day was characterized by wind blowing pa-
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Location (a): Normal street

Figure 1. Locations of measurements.
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Figure 2. Measured wind direction.

rallel to the street. However, unlike on the 27th, the wind
direction was not constant throughout the day on January
28" The wind shifted from easterly in the morning to
westerly in the evening. The day was characterized by the
wind direction shifting throughout the day.

Figure 3 shows the relationship between traffic volume
and NO, concentration. The concentrations were higher at
location (b) relative to location (a) on the 27", when the
wind was blowing parallel to the street. This difference is
an indication of a reduction in ventilating efficiency due
to the elevated structures that cover the road area. In con-
trast, the concentrations at the two locations were similar
on the 28", when the wind direction shifted throughout
the day. This similarity is an indication of the absence of
a correlation between the elevated structure covering the
road area and the ventilating efficiency. Uehara et al.
showed that the lid effect from an elevated road does not
significantly increase ground-level concentrations when
the wind direction is perpendicular to the road (Uehara et
al., 2003). Thus, the lid effect was not prominent on Janu-
ary 28th. The results also show that the concentrations on
the 28™ were higher than those on the 27", even though
the traffic volumes were almost the same. This finding
indicates that the ventilation efficiency can be strongly
influenced by the wind direction.

3. CFD Analysis

3.1. Subjects of the CFD analysis

In the measurements, the sky train station only had an
obvious impact on the air quality when the wind direction
was parallel to the street. To determine the cause of this
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Figure 3. Traffic and NO, concentrations.

phenomenon, we conducted a CFD analysis. Figure 4 shows
an outline of the calculation target. We used two models,
Model 1 and Model 2, for the comparison. Model 1 con-
tains a cavity that represents a street canyon, such as a
roadway surrounded by buildings. Model 2 contains a
cavity that represents a street canyon with an elevated
structure, such as a sky train station in Bangkok. To gene-
ralize the problem, we used simplified models. The height
of the cavity was 17.5 m, which corresponds to the height
of a building with five floors. The width of the cavity was
25 m, which corresponds to the width of a 5-lane roadway
with sidewalks. The length of the cavity was 200 m. In
Model 2, an object corresponding to a sky train station
was installed above the cavity. The bottom surface of the
elevated structure was located 7 m above the bottom sur-
face of the cavity. The height of the object was 7 m, which
corresponds to the height of a sky train station with 2
floors. Its width was 20 m, and its length was 100 m. We
used these models to analyze the wind and pollutant dilu-
tion characteristics for two cases. The first case has a wind
direction parallel to the street canyon, and the other case
has a wind direction perpendicular to the street canyon. In
this case studies, we assume that sea breeze is blowing
over the models and keep the air clean.

3.2. Calculation conditions

Table 1 shows the calculation conditions of the inflow.
The outflow condition was solved by applying a no gra-
dient condition to the normal line. The lateral faces were
treated as symmetrical boundaries, and the top face was
treated as a free-slip boundary; the surface wall equation
was solved by applying the generalized logarithm law.
The standard k-& model was employed for the turbulence
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Figure 4. Calculation mode and control volume for concentration generation.

Table 1. CFD calculation conditions

Inflow condition

U= Ux(ZIZp)", k= 1.5x(IxUY’, 1= 0.1, e = C,xk’™/1, 1 = 4C,xk)"Z,"* 77U,

Zy: referential height 10.0 m, Uy: referential velocity 1.0 m/s, U: wind velocity, Z: vertical coordinate [m], k: turbulent energy [m?/s?], &
energy dissipation [m?/s’], I: turbulent intensity, /: turbulence length [m]

model. The first-order upwind differential scheme was
used for the advection term, and the second-order upwind
differential scheme was used for the concentration. Accor-
ding to the concentration transport calculation, once the
flow field was calculated, the scalar equation was solved
as a passive contaminant. The concentration field was ana-
lyzed when the contaminant was uniformly discharged
from the control volume in the cavity. This parameter was
used because there is a massive amount of clean air flow-
ing in the atmosphere above cities, and the ventilation
efficiency can be evaluated by approximating the airflow
intake into the cavity from higher altitudes. Figure 4 shows
the control volume. The control volume was determined
at the center of the cavity. The source rate was 1 kg/m’s.
The calculation area was divided into a mesh of appro-
ximately 1,000,000 elements. The mesh size in the cavity
under the elevated structure was 0.5 m x 0.5 m x 0.5 m.
The mesh size increased as it grew outward from the ca-
vity. The maximum size was 5.0 m x 5.0 m x 5.0 m.

3.3. Calculation results

Table 2 shows the results of the average source concen-
trations source in the control volume, as shown in Figure
5. The concentration in Case 3, where the wind direction
was parallel to the street and the elevated structure was
present, is obviously higher than that in Case 1, without
the elevated structure. When the wind direction was paral-

Table 2. Average concentrations in the control volume

lel to the street, an obvious impact of the elevated struc-
ture was observed. In contrast, the concentrations in Case
2 and Case 4 have no such obvious differences. The results
show the same tendencies that were observed in the expe-
rimental measurements. Figure 6 shows the velocity fields
in the cavity for Case 2 and Case 4 for a cross section in
the Y direction. In Case 2, a vortex was observed in the
cavity. The pollutant concentration was transported by the
vortex and diluted by the wind passing above the cavity.

a) Case |

L —

b) Case 3

a) Case 2 b) Case 4

0.00000 80.000 160.00 240.00 320.00 400.00

Figure 5. Scalar field; cross sections at the center of street
in the X-direction for Case 1 and Case 3 and in the Y-direc-
tion for Case 2 and Case 3. The unit of the scalar concen-
tration is kg/m?.

Case No. Case 1 Case 2 Case 3 Case 4
Existence of elevated structure No No Yes Yes
Wind direction to street Parallel Perpendicular Parallel Perpendicular
Concentration [kg/m’] 68 430 400 360
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a) Case 2

b) Case 4

Figure 6. Velocity field; cross sections at the center of street in the Y-direction.
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Figure 7. Velocity field; cross sections at the center of street in the X-direction (length scale of vectors is different from

that in Figure 6).

In this case, even when an obstacle was present at the
center of the cavity, it did not have an obvious influence
on the flow field created by the vortex. Furthermore, the
obstacle could play a role in arranging the flow made by
the vortex and enhancing airflow in the cavity. As a re-
sult, the concentration in Case 4 became lower than the
concentration in Case 2. In contrast, the obstacle played
a different role when the wind direction was parallel to
the street. Figure 7 shows the velocity fields in the cavity
for Case 1 and Case 3 for a cross section in the X direc-
tion. In Case 1, the airflow passing above the cavity blew
down into the cavity and diluted the pollutant concentra-
tion generated in the control volume. In contrast, the air-
flow passing above the cavity in Case 3 becomes part of
the airflow circulating around the obstacle and also con-
tributes to the phenomenon observed in Case 4. Further-
more, the wind direction at the bottom of the cavity in
Case 3 is opposite the direction observed in Case 1. In
these contexts, the characteristics of the concentration di-
lution are dramatically changed by the existence of the
elevated structure. While the values of the concentrations
in Cases 2, 3 and 4, in which circulation flow fields such
as vortexes are observed, are the same, the concentration
in Case 1 is 10% less than the other cases. In other words,
the efficiency of the ventilation in Case 1 is more than ten
times greater than the other cases.

4. Discussions

4.1. Quantitative evaluation using PFR
From the results of the CFD analyses, we evaluated the

ventilation efficiency on each measurement date. The amo-
unt of pollutant generated had a large influence on the ob-
served concentration. To study the ventilation efficiency,
we excluded the pollutant emission rate. Then, we used
PFR and LACR as generalized indexes to evaluate the
ventilation efficiency.

PFR was originally defined as the effective airflow rate
required to remove or purge the local pollutants. Eq. (1)
shows the definition of PFR. In this paper, we use m*/h
as the unit of PFR:

PFR=g/c ey

where ¢ is the spatially uniform generation rate of the
pollutant source [kg/h] and c is the average concentration
over the entire target domain [kg/m?].

PFR can also be defined by Eq. (2):

PFR=V/AVFxT) ©)

where ¥ is the volume of the area [m®], V'F is the visita-
tion frequency [-] and T is the average length of time the
pollutant remains in the area [h].

The idea of PFR includes the idea of VF. The VF des-
cribes the average frequency with which pollutants gene-
rated in the local domain return to the local domain after
being transported outside it (Bu et al., 2009). Therefore,
the PFR indicates the airflow rate itself, which works to
effectively dilute the air pollution in the targeted domain.
The airflow that returns to the local domain after being
transported outside once is excluded from the PFR. Fur-
thermore, the LACR in the investigated area is calculated
by dividing the LACR by the volume of area V. This pro-
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cess is shown in Eq. (3).
LACR=PFR/V 3)

Sandberg (1983) first proposed the idea of the PFR. It
has been widely used as an index to evaluate ventilation
performance and air quality in indoor airflow problems
(Peng and Davidson, 1997). At present, its usage has been
expanded to include the evaluation of ventilation perfor-
mance in outdoor airflow problems (Bu et al., 2009, 2010,
2011; Bady et al., 2011).

Table 3 shows the PFR and the LACR for each case. In
Case 1 and Case 3, the indexes were recalculated with a
wind velocity of 1.7 m/s at a height of 18 m, assuming the
average wind velocity on January 27", when the measure-
ment was performed. In Case 2 and Case 4, the indexes
were recalculated with a wind velocity of 1.3 m/s, assu-
ming the average wind velocity on January 28", when the
measurement was performed. Kato (2010) noted that the
LACR outdoors should be satisfied over 60 times to re-
duce the health risk to residents in the buildings along a
street. We should note that the area with the sky train
station on Rama I Street did not satisfy this criterion on
January 27" while the area without any elevated struc-
ture did satisfy this criterion. However, there were no ob-
vious effects from the sky train station on January 28",
when the wind direction was perpendicular to the street.
In contrast, the CFD results reveal the possibility that the
sky train station enhances ventilation by effectively dilu-
ting the pollutants. Therefore, we cannot simply conclude
that the sky train station dramatically reduces the air qua-
lity under it. Kato (2010) also noted that the ventilation
efficiency must be evaluated with year-round hours of
probable exceedance. Using the full-year wind profile
and an exceedance probability analysis using the indexes,
we can optimize the locations of elevated structures. The
optimization can minimize the impacts of elevated struc-
tures on the air quality beneath them, for example, by pre-
venting structures from being built above streets parallel
to the main wind direction of the target city. Furthermore,
it could possibly enhance the ventilation efficiency, for
example, by positioning the elevated structure above the
street perpendicular to the main wind direction and, thus,
enhancing the creation of wind vortexes, as shown in the
CFD analysis. With the accumulation of these devices,
we expect that optimized city planning can be achieved
by satisfying the exceedance probability is satisfied and
minimizing the health risks to pedestrians.

4.2. Qualitative evaluation
To understand the concentration dilution phenomenon

Table 3. PFR and LCAR

Case No. Case 1 Case 2 Case 3 Case 4
PEFR [m’/h] 680000 82000 120000 98000
LACR [1/h] 78 94 13 11

and reduce health risks to pedestrians, we need to under-
stand the idea of ventilation paths. There are two types of
ventilation path: a horizontal ventilation path and a verti-
cal ventilation path. The vertical ventilation paths have an
especially important role in dense urban areas (Kato and
Hiyama, 2012). Vertical ventilation is defined as vertical
introduction to wind, as outlined in Figure 8. In coastal
cities such as Bangkok, thick, cool layers of air are pro-
duced over the sea. Vertical ventilation paths enable the
introduction of the cool air to the urban area by redirec-
ting the wind from the skies above the city. To understand
vertical ventilation, knowledge of the airflow in a street
canyon is necessary. The airflow and diffusion properties
in a street canyon are determined by its shape and the
condition of the wind above it. The building-height-to-
street-width aspect ratio (H/W) is used to express the
shape of a street canyon. H is the building height, and W
is the street width. Oke (1988) determined three flow re-
gimes for wind perpendicular to the street axis in neutral
stratification. Figure 9 shows the outlines of these regimes.
When the distance between buildings is relatively long
(H/W < 0.3), the airflows around buildings do not interact.
The recirculation created in front of the building and the
wake behind the building occur continuously, and the wind
above the buildings flows into the street between the
buildings. This flow regime is called “isolated roughness
flow”. Meanwhile, when the distances between buildings
become shorter (0.3 <H/W <0.7), the wake behind the
upwind building is disturbed by the recirculation flow
generated by the buildings in front of it. This flow regime
is called “wake interference flow”. When the buildings
are much closer (0.7 <H/W), the recirculation flow be-
comes stable. In this situation, the interaction between the
airflow above buildings and the wind inflow into the street
becomes smaller. This flow regime is called “skimming
flow”. Generally, street canyons tend to create skimming
flow. The case studies in this paper can be divided into
two regimes. In Case 2 and Case 4, the H/W in the wind
direction perpendicular to the street is greater than 0.7. In
these cases, the flow regime is skimming flow, and the
concentration in the street canyon is advected by the re-
circulation flow. Because recirculation flows are not in-
fluenced by the obstacle, there are no large differences in
the concentrations between Case 2 and Case 4. Mean-

Figure 8. Image of vertical ventilation (Kato and Hiyama,
2012).
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b) Wake interference flow (0.3 < H/W <0.7)

¢) Skimming flow (H/W > 0.7)

Figure 9. Three flow regimes associated with air flow over building arrays with increasing H/W (Li et al., 2006).

while, in Case 1 and Case 3, the spacing of the buildings
in the wind direction parallel to the street is much larger.
H/W is less than 0.3. In these cases, the flow regime is
isolated roughness flow. The airflow known as backward-
facing step flow is induced in the street over the wake
(Spazzini et al., 2001). In these cases, the obstacle blocks
the inducing flow and reduces the ventilation performance.
In this context, the concentration in Case 3 becomes much
higher than in Case 1.

5. Conclusions

To reduce health risks in urban environments, it is nece-
ssary to reduce outdoor pollutant concentrations. To accom-
plish this reduction, using urban ventilation to efficiently
dilute the pollutants generated in city areas has attracted
a great deal of attention, in addition to using source con-
trol to reduce the actual release of pollutants. Especially
the idea of urban ventilation is important for the city plan-
ning with mass of high-rise buildings. To address these
issues, we performed measurements in Bangkok, Thailand,
and conducted a CFD analysis to evaluate the ventilation
efficiency. In this paper, we focused on the impact of an
elevated structure on the ventilation efficiency. In the ex-
perimental measurements, a phenomenon was observed in
which the ventilation efficiency in an area with an ele-
vated structure obviously declined when the wind direc-
tion was parallel to the street. In contrast, there were no
obvious impacts from the elevated structure when the wind
direction was perpendicular to the street. Through CFD
analysis, we analyzed the wind and pollutant dilution cha-
racteristics. When the wind direction was parallel to the
street in cases without an elevated structure, the wind
pushed the pollutants and removed them from the street.
In the case including an elevated structure, the pollutants
were removed by wind circulation along the elevated
structure. When the wind direction was parallel to the
street, the existence of the elevated structure had an obvi-

ous influence and decreased the efficiency by almost one
tenth. However, there were no obvious influences when
the wind direction was perpendicular to the street. In con-
trast, the elevated structure directed the wind flow and en-
hanced the ventilation efficiency. To exclude the effect of
the amount of pollutant emissions and focus on the venti-
lation efficiency itself, we used PFR and LACR as gene-
ralized indexes. With the year-round exceedance analysis
using the indexes and the full-year wind profile, we can
plan for optimized elevated structures. The results reveal
the possibility that the optimization of elevated structure
locations could not only contribute to minimizing the im-
pact of the structures on the ventilation efficiency but
could also increase the ventilation efficiency by directing
the circulation flow in street canyons.

Note

This paper is an edited version of previous literature
(Hiyama et al., 2011a, 2011b and 2012).
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