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Air Pollution Distribution under an Elevated Train Station

(A Case Study Downtown Bangkok, Silom Station)

Umarporn Charusombat

(ABSTRACT)

To solve traffic congestion in Bangkok, the Bangkok Mass Transit system

(BTS) constructed an overhead rail system with 24 stations. The BTS train

station, S2, in this study area covers Silom road and obstructs the air pollutant

dispersion in a congestion area.  The 1: 200 physical model of the buildings along

Silom road with the train station, S2, was simulated in this research to determine

the air pollutant dispersion in the train station area. A tracer gas (CO2) was

emitted from a simulated line source with emission rates of 0.383, 0.681, 1.293,

2.586, 5.177 and 10.77 mg/min to simulate actual pollutant emission rates.  The

CO2 gas was sampled at 55 locations in the model.  The Kriging method was used

to interpolate the data in the study area. . Emission rates were used to make the

difference between measured CO2 in the model area and ambient CO2 large

enough to be differentiated. Regression Analysis was used to relate analytically

the mass emission rate to the CO2 concentration.  The results indicate that the

maximum CO concentrations exceed the 30 ppm Bangkok standard along the

Southeast side of Silom Road at the passenger platform level.  Drivers will

acquire more harmful levels of CO than pedestrians at street level, especially near

the Southwest end of the train station.  NO2 concentrations do not exceed the

standard (0.17 ppm) at street level.  The highest predicted VOC is 1.05 ppm.

These results may be used in the future for numerical modeling study.
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INTRODUCTION

Bangkok serves as the economic center of Thailand, with the largest

population density of any city in Thailand. Bangkok lacks sufficient mass

transportation and road surface to support such a large population.  The number of

private vehicles in Bangkok increases faster than the population.  Figure 1 relates

population, vehicle number and Gross Domestic Product (GDP).  The GDP

decreased somewhat in 1996 and fell dramatically in 1997 and 1998. The number

of private vehicles and the population continued to increase from 1996 to 1998.

With this trend, Bangkok’s serious air pollution problem tends to worsen.

To deal with the severe traffic congestion and increasing air pollution, the

government funded the construction of the Bangkok Mass Transit System (BTS).

The BTS is helping to resolve the traffic congestion problem.  Bangkok Mass

Transit System Public Company Limited (BTSC) received the concession from

Bangkok Metropolitan Administration (BMA) on April 9 1992 to construct BTS

in Bangkok.  BMA permits BTSC to retain all revenues derived from the

operations of the System over the 30-year concession period.  BTS construction

started in 1996 with completion expected in 2000. The BTS should relieve the

traffic congestion by 5 %.
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Figure 1: The real GDP growth, Population number and vehicle number in Bangkok

Source: Office for Central Civil-Registration, Department of Local Administration, and

                 Ministry of Interior.
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BTS stretches approximately 24.3 km along some of Bangkok's busiest streets.

Figure 2 shows how the BTS will serve two routes, the Sukhumvit line and Silom

line.  T he 16.8-km Sukhumvit line will run east to west along Sukhumvit Road

and South to North along Phahonyothin Road, past the Victory Monument.

The 7.5 km Silom line will run South to North along Sathorn and Silom

Roads, then East to West along Rama I Road.  The objectives of the project are to

help alleviate the chronic traffic problem in Bangkok and to provide the citizens

of Bangkok with a fast and more efficient means of transportation within the

central business district. This project will also mitigate the air pollution problem

from traffic congestion in Bangkok. Unfortunately, the overhead rails system

produces pockets of air pollution in particular areas.

The air pollution problem may become more serious, especially under the

Bangkok Mass Transit Station, during peak congestion periods. The 22-meter

station width equals the width of street under it. The base elevation of the station

will be 6.5 meters above the street. This will trap air pollutants between the train

station base, the street below it and the surrounding high rise buildings.  The

increased concentration of auto exhaust gases will impact the drivers, pedestrians

and residents living near the roadway.  Figure 3 illustrate the completed rail

station and station under construction on Silom road.
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Figure 2: Bangkok Mass Transit Routes

Source: Bangkok Mass Transit Company Limited
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Figure 3: The Completed Structure Model and Constructed Station on Silom

     Road
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In 1995, Kasertsart University conducted an Environmental Impact

Assessment for BTSC to present to the National Environmental Committee

Office.  The study investigated existing air quality in the study area and predicted

air quality levels after construction.  The existing air quality was sampled at 10

different stations along routes shown in Figure 4.  The measured air pollution data

shown in Table 1 relates the actual ambient air pollution levels to the Bangkok air

quality standard.

Figure 4: The Air Quality Sampling Location in Different 10 Stations

    along the routes

 Source: Kasertsart University

Sampling Locations

Station Locations

Study Area
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Table 1: Highest Concentration of Air Pollutant Measurement along Project Routes.

Station Total Suspended

Particles(TSP)

(mg/m3)

Carbon monoxide

(mg/m3)

Nitrogen Dioxide

(mg/m3)

    Lead

(mg/m3)

1 0.205 2.53 0.119 0.269

2 0.387 2.64 0.104 0.237

3 0.350 6.27 0.180 0.442

4 0.426 11.09 0.211 0.549

5 0.780 8.39 0.234 0.764

6 0.331 3.65 0.164 0.473

7 0.576 9.55 0.223 0.451

8 0.721 16.96 0.294 0.583

9 0.485 9.99 0.245 0.330

Reference

Point

1.00 14.96 0.357 0.940

Standard 0.33 34.5 0.170 10.26

The 1993 analysis by Metro indicated that the Bangkok area experiences

class F stability, stable atmospheric condition about 37.14 % of the time.  The

CAL3QHC mathematical model evaluated air post construction quality for 2

different atmosphere conditions.

Initially the model simulated class D stability, unstable atmospheric

condition with a wind speed of 5 m/s.  The model also simulated class F stability

with wind speed of 2 m/s.  The results indicated that maximum carbon monoxide

concentrations will exceed the standard of 23 mg/m3 (20.125 ppm) in the stable

atmospheric case (F class stability).  In addition, nitrogen dioxide concentration

will exceed the standard (0.32 mg/m3, 0.170 ppm) by approximately 0.4 mg/m3

(0.213 ppm) for unstable atmospheric situations and 2.26 mg/m3 (1.204 ppm) for

stable atmospheric condition.



8

Primary concern in this study comes from the semi-tunnel structures

created by train station construction. The train station’s geometry inhibits the

dispersion of air pollutants.  Under a train station with unstable conditions, the

predicted maximum carbon monoxide concentration will range between 24.6 and

44 mg/m3 (21.525 and 38.5 ppm) during rush hour.  With stable conditions, the

highest impact of carbon monoxide in the semi-tunnel geometry is predicted to be

between 61.7 and 140.4 mg/m3 (53.987 and 122.85 ppm).

As shown in Table 2, the predicted carbon monoxide concentration at the

curve location will be lower than at positions under train station.  Therefore the

drivers, in idling vehicles, experience higher air pollutant toxicity risk than

commuters who walk along the sidewalk.  From the EIA report, the vertical CO

concentration distribution indicates that the highest CO concentration levels reach

12 for unstable condition and 50 mg/m3 for stable condition.  Figure 5 shows the

air pollutant concentration distribution as measured from the center of the street

for elevations ranging from street level to 60 meter.

Table 2: The CO Concentration Level in an Hour (mg/m3) under Train Station Area

CO concentration (mg/m3)

    Impact to drivers Impact to pedestrians  Position Distance

     (m) D class

U = 5 m/s

F class

U = 2 m/s

D class

U = 5 m/s

F class

U = 2 m/s

R1 50 24.6 (22 ppm) 61.7 (30 ppm) 16.5 (14 ppm) 47.5 (42 ppm)

R2 100 33.7 (29 ppm) 96.1 (84 ppm) 22.8 (20 ppm) 68.1 (60 ppm)

R3 150 39.5 (35 ppm) 120.8 (106 ppm) 27.7 (24 ppm) 84.3 (74 ppm)

R4 200 44.0 (39 ppm) 140.4 (123 ppm) 31.7 (28 ppm) 98.7 (86 ppm)

Standard  34.28 mg/m3 (30 ppm)
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Wind speed = 2 m/s , Stability class = D

Wind class = 5 m/s, Stability = D

Figure 5: The Air Dispersion Distribution along the Height and the Distance

along the Curve

Source: Kasertsart University
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The Kasetsart University air pollution modeling study predicted the air

pollution distributions in the vicinity of train station with the CAL3QHC model.

The dispersion equations used in the CAL3QHC model can not calculate the level

of air pollutants in a complex street canyon.  EPA traffic emission models do not

provide for dispersion calculation in urban street canyons. The dispersion of

pollutants in urban areas depends on many factors, which are discussed in the

literature review.
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BACKGROUND

Air Quality in Bangkok

 The major source of air pollution in Bangkok comes from vehicle

exhaust.  Others sources include commercial, industrial road and construction and

building demolition.  The Pollution Control Department (PCD) operates an air

monitoring station network covering all of Thailand in order to investigate air

pollution problem.  Since 1995, the PCD has operated 9 permanent stations in the

general Bangkok area. In addition to some curbside stations, there were 14

temporary stations along the roadside in 1995, which increased to 21 in 1998.

Figure 6 shows the locations of the air-monitoring stations.  The major air

pollutants, emitted from mobile source, are carbon monoxide (CO) and

particulate.  Figure 7 indicated that the maximum hourly average CO

concentration in 1997 exceeded the air quality standard (34.2 mg/m3).  Also the

existing 1-hr average CO concentration and the 8-hr average CO concentration

were above the standard by approximately 7 mg/m3 in both 1996 and 1997.

However the average value of both hour averages has not exceeded the standard

in the last 5 years.  Average total suspended particulate (TSP) concentration

exceeded the standard from 1993 to 1996. The maximum concentration of TSP

exceeded through the standard by factor of six (0.1 mg/m3).

The maximum 1 hr average CO concentration along the roadside average

did not exceed the standard but all of the maximum values in 8 hr average were

higher the standard as show in Figure 8. All of the average total suspended

particles concentrations exceeded  the standard slightly when compared to

significant differences between maximum values and the standard level.
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Figure 6: The Air Monitoring Network Locations
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Figure 7: Air Pollutants Concentration in General Area

Source: Pollution Control Department, Air and Noise Management Division
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Figure 8: Air pollution Concentration on Roadside Station

Source: Pollution Control Department, Air and Noise Management Division
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Suspended particulate matter with sizes smaller than 10 um (PM10)

damage the respiratory system more than the larger particles (TSP).  The

maximum PM-10 concentration exceeded the standard every year, however, their

average values never were greater than the standard.  Monitoring results indicate

that Bangkok has a serious air pollution situation. Air pollution and noise

management of pollution control has assiduously worked to reduce particulate

level and control CO level below the standard with mitigation plans to control

mobile source emission. PCD maintains a web site to report air pollution situation

as real time data on each day at http://www.pcd.go.th.

On the web page, PCD reports 6 air pollutant parameters daily. These are

Sulfur dioxide (SO2), Nitrogen dioxide (NO2), Carbon monoxide (CO (1 hr), CO

(8hr)), Ozone and Particular Matter (PM10).  Figure 9 shows 8 different stations

along the road and at general sites which depict the pollutant situation for the in

last 8 months. The major air pollutant continues to be particular matter.  Ozone

should be considered a significant air pollutant.  Carbon monoxide concentrations

have been reduced during 1998. The SO2 and NO2 concentration levels fall into

the safe range. When SO2 combines with particulate matter, the combination

produces more severe health deterioration than only particulate matter or SO2

alone.  NO2 reacts with volatile organic compounds and hydroxyl radicals in the

presence of sunlight to produce O3 and other photochemical oxidants.

 Therefore if NO2 and SO2 concentrations are not controlled the O3

concentration and health deterioration from PM-10 exposure will occur as

discussed in the following section.
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SO2 concentration in 1998 in Bangkok.
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Around Bangkok Area in 1998
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Human health effects

The atmosphere contains NO2, SO2, CO, O3 and PM-10 produced from

natural activity.  With increasing human activity, NO2, SO2, CO, O3 and PM-10

become air pollutants when their concentration levels cause injury to human

health, plant, animal life or property.  The pollutant exposure time is an important

factor in determining the toxic level of air pollutants.  Particulate matter of a toxic

nature directly interferes with the respiratory system.  It irritates nose and throat

tissue and contributes to both morbidity and mortality.  Particulates also act as a

means of transport of SO2 into lower part of the respiratory system.  Elevated

carbon monoxide concentration (>750 PPM) can cause death by inhibiting

oxygen transfer to the bloodstream.  Therefore carbon monoxide is especially

hazardous to people who have heart or circulatory (blood vessel) problems as well

as people who have damaged lungs or breathing passages.  At the moderate

exposure levels, SO2 irritates the upper respiratory tract by reacting with moisture

to form sulfuric acid. NO2 damages lung tissue and reduces it elasticity lungs. At

atmosphere concentration levels, NO2 may potentially relate to chronic

obstructive pulmonary disease (COPD).  The oxidizing ability of the

photochemical oxidants such as O3 irritates nose and throat tissue and causes of

chest constriction, as well as, producing severe coughing and inability to

concentrate at high concentration.

 Also O3 can causes asthma and reduces resistance to infections as cold

and increases aging of lung tissue.

Statistical data documents the adverse air pollution the effects on human

health.  Examples of the data used are increases in clinic and hospital visits for

upper respiratory infections, cardiac diseases, bronchitis, asthma, pneumonia and

emphysema when related to increasing air pollutant concentrations. The pattern of

increasing out patient visits in 1996 and decreasing visits in 1997 as Figure 10

illustrates was similar to the distribution of average 1 hr CO concentration

measured in general area and average TSP concentration measured on the
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roadside as shown in Figure 7 and 8.  However the correlation between the

number of out–patient visits and air pollutant concentration was not adequate to

conclude that respiratory system rates were cause of higher existing air pollutant

concentration in Bangkok region.

Figure 10: Number of Respiratory System Disease Out Patient Who Visited

      Hospital in Bangkok Area for Last Five Years.

Source: Office of Secretary, Department of Health
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LITERATURE REVIEW

The classic wind tunnel method simulates the full-scale with a small-scale

model. The wind tunnel model method for investigating the dispersion of air

pollutants provides a powerful tool for street canyon study.  For example,

Hoydysh et al [9] started using a scale model to determine air pollution dispersion

in street canyons in 1974.  Kitabayashi et al. [15] also used wind tunnel modeling

to study automobile exhaust gas diffusion in an urban district in central Tokyo in

1976.  In 1977, Cermark et al. [4] presented a wind tunnel study of gaseous

pollutants behavior in city street canyons.

In 1988, Murphy and Davies [21] employed wind tunnel modeling of

vehicle emission to study the impact of highway traffic on the proposed building

around the CN Railway development in Toronto, Ontario.  Two-dimensional

physical modeling of pollutant dispersion from a line source in street canyons was

examined by Meroney et al. in 1996 [20].  Schtzmann [24] conducted physical

modeling of car exhaust dispersion in urban street canyons to study the effect of

slanted roofs.  In 1997, Klein et al.[14] investigated the gaseous pollutant

dispersion in different urban canopy and Baker et al.[2] investigated the effect of

vehicle motion on dispersion in urban street canyon.

In addition to using the wind tunnel to study the air pollution dispersion

from traffic emission in street canyon, the wind tunnel was used to study in other

applications such as the flow dispersion around isolate building [11].  The

characteristics of wind influences on different geometry that ventilates the air

pollution on the street level [13]. The use of a wind tunnel to find the point of

maximum concentration enhances field measurement method acquires just a few

concentration data points.  In field measurement, the air pollution concentrations

result not only from traffic emissions but also from air pollution emissions from

industrial and industries and residential areas.

 Physical modeling provides realistic results for predicting air pollutant

dispersion in complex urban settings.  Therefore, this investigation uses physical
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modeling to evaluate air pollution distribution in a street canyon under an elevated

station platform with high rise buildings located on the both sides of the street.

 Simulation factors of Physical modeling

In previous laboratory studies reference was made to several significant

factors, which influence the simulation of the full-scale measurement. There

factors include are urban roughness, velocity profiles, turbulent intensity and

scale, wind direction, building geometry and arrangement, canyon characteristic,

line source arrangement, injection patterns, scaling and vehicle motion.  In the

following sections each of these factor were presented.

 Urban Roughness, velocity profile and turbulent quantity

The surface roughness generates different wind velocity profiles between

urban and rural areas as in Figure 11. The boundary layer thickness is the function

of the surface roughness at the different atmospheric stability.  The vertical

velocity profile distribution may be represents with.

α

δδ 







−
−

=
0

0

)(

)(

d

dz

U

zU
    [1]

Where as d0  = displacement height

U(z) = the mean velocity at elevation z

U(δ ) =  the mean velocity at boundary layer height

α  depends on Reynolds number for aerodynamically smooth surface and

the roughness only for a rough surface.  With rougher surfaces, the exponent is

greater.

Snyder et al. recommended that the roughness Reynold ’s number U*z0/υ  should

be larger than 2.5 to avoid viscosity effect in wind tunnel simulation.
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Also the larger roughness induces changing of the turbulent flow quality which is

made up of turbulent intensities, eddy viscosity, and turbulent spectra for all

components [27].  The turbulent profile in the wind tunnel should coincide with

the full-scale measurement of the velocity profile to achieve good simulation.

Figure 12 shows the correlation of turbulent profile in wind tunnel and nature

base upon the surface roughness.  Therefore to simulate the high quality flow

characteristic in the wind tunnel model, the upstream buildings should placed

approximately more than 20-buildings. [9].  The presence of upwind buildings

leads to an increase of mean concentration value inside the canyon [14].

 The Meroney [20] experiment, using 1 LegoTMblocks elements as surface

roughness displayed that the flow characteristics between isolated street canyon in

the middle of open country roughness and in urban environment are different.
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Figure 11: Effect of terrain Roughness on Wind Speed Profile

Source: D.B. Turner, Workbook for Atmosphere Estimates, Washington D.C.

              HEW, 1969
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Figure 12: Comparison of turbulence intensity profiles in the wind tunnels and

nature.

Wind tunnel: (*) Z0-0.9 mm (Ks = 10 mm);

(    )Z0 = 2.2 mm(Ks = 20 mm); Nature (δ  = 600 m);

(- - - -) Z0 = 0.05 m

(- - . - -)Z0= 0.5 m

(--) Z0 = 1 m

(._._) Zo =1.5 m
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Also the periodic ventilation of a canyon in urban roughness situation is

lesser than open country roughness situation in the middle of the city because of

the well-developed internal boundary layer.

Wind direction

 The concentration at each sampling location definitely depends on the

wind direction. In 1997, Wichmann-Fiebig et al.[29] showed how to validate data

among field, wind tunnel and modeling results. The resulted wind tunnel data

exhibit more reliability than the modeled values because numerical modeling can

not accurately predict in some critical wind directions. However for wind tunnel

study, the position of building or traffic-lanes must precisely locate to achieve

good simulation. The background concentration is mainly dependent on wind

direction, which is dispersed from other source or along the street.

 Building characteristic and arrangement

Different building shapes typically effect the flow and dispersion around

buildings.  Kastner et al.[14] showed that the difference between concentration

patterns for rectangular and U-shaped buildings become substantial in 180-wind

direction shifts. However in 0-wind direction the concentration pattern is

fundamentally similar between the U-shaped and rectangular building. So the

effect of building shape to air pollution dispersion also rely upon the wind

direction. The roof configuration of the building is considered to alter the vortex

dynamics in the canyon and increase the concentration distribution on the

downwind side of the canyon.  When the building density is higher, the roof

vortex is stronger due to the reattachment points with high concentrations occur

near the top of downwind side (windward).
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The different arrangements of buildings in the urban area establish varied

mixing corner vortex pattern. Corner vortices contribute to higher concentrations

at building corner [11].  The concentration variations in the vicinity of a building

intersection obviously are caused by corner vortex at the entrance of leeward

(upwind) side. There is evidence that the high rise building can create corner

vortices in order to disperse the pollution upward and reduce ground level

concentration [11].  In addition, the careful placing of roofs on the buildings along

the heavy-traffic streets may help to improve the long-term air quality in the

polluted canyon but it also depends on roof configuration.

 Canyon characteristic

Canyon geometry is an important determinant of characteristic airflow

regimes. Three regimes of the flow can be identified as isolated roughness, wake

interference and skimming flow.  Isolate roughness occurs in widely spaced

buildings.  The more closely buildings are spaced, the more wake interference

takes place.  Skimming flow was produced by the bulk of mesoscale flow in

narrow canyon.  Figure 13 presents the flow characteristics in different canyon

geometry. The skimming flow provides minimal flushing of the canyon, which

reduces the pollutants and removes heat and moisture from the canyon. The

transition to change from skimming to wake interference can be created when the

eddy circulation is fully formed in the sufficiently wide canyon [12].
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Figure 13: Characteristics of Flow in Different Canyon

  From the Menory [20] experiment, there is evidence that the pollutant

concentrations in a street canyon will decrease when the B/H ratio of canyon

geometry increases.  The test also corroborates the hypothesis of intermittent

streaming of pollutant from the source to the side of the wall when the permanent

eddy occurs in street canyon.
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 Line Source Simulation

The principles of the line source design are to reduce the vertical

momentum and the deviation of concentration along the line source.  Also the

wind environment should not effect the emission of gas from the line source such

as the some wind direction can be blow out the emission gas to one end of the

source.  Hoydysh et al.[9] used a plenum chamber of brass tubing perforated with

small holes inside another plenum of galvanized steel covered with tightly woven

stainless steel mesh as line source simulation in 1974. On the other hand, the

source model of Kitabayashi et al.[15] is simulated from drilling 2mm holes on 1

m long and 1-cm thick pipes which settled above street as the holes face

downward to avoid lofting momentum. The distance between each hole is 1 cm.

Similarly with Kitabayashi et al. [15] design, Builtijes et al [3] changed hole

diameter and hole spacing to 1.5 mm and 1.5 cm respectively in 1984.

Until 1988, Murphy et al.[21] intensively studied line source design in

different prototypes.  Three prototypes were tested as shown in Figure 14.  First,

the gas was injected into primary chamber, with holes drilled on the wall.
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Figure 14: Murphy’s Line Source Design

Prototype 1

Prototype 2

Prototype 3
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The gas was delivered thorough the holes to second chamber which was

filled with porous foam and covered with a porous metal screen.  The stiffer

tubing was used to alleviate the pressure drop problem, which occurs from plastic

tube.

The second prototype differs from the first, by dividing first chamber into

many compartments for increasing uniform crosswind profile.  The second

prototype did not fill with foam inside the chamber but covered the top of the

source with plastic sheet material, which contain 50-mm slot.  Although this

prototype still provided non-uniform concentration

The third source prototype was also divided into sections with three holes

in each sections.  The porous media was used to cover on the top of second

chamber. The pressure was dropped around 1.5 inch in each section.

Furthermore, the final design for the line source was dividing chamber into four

sections, which each sections was 48 cm long and contained 19 holes on the side

of the wall.

Meroney et al [20] suggested that the porous materials induced overlarge

homogenous concentration and pressure drop across the street. Figure 15 shows

that Meroney et al [20] developed line source design from Kitabayashi [15]

prototype by reducing the holes spacing to 3 mm and using hypodermic needles to

achieve high discharge pressure drop.  In conclusion, the stable and laterally

homogenous line source is a key of vehicular pollution emission simulation in an

urban model study.
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Figure 15: Meroney et al.’s Line Source Design
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 Gas Inject impact.

The horizontal wind velocity at street level is typically of the order of 10%

of the free stream velocity.  If the gas discharge velocity is high, it may influence

the re-circulation of the flow in street canyon.  The pre run test should be

performed to investigate the potential error from exhausted momentum.  The gas

flow rate test of Menorey et al.[20] experiment demonstrated that the effect of

source strength on canyon flow behavior is less than 15 % when the flow rate

varied by the factor of 4.

Scale modeling

   The wind tunnel model can make more accurate estimates if the model

scale matches the atmospheric boundary layer.  The large errors in the modeling

of the atmospheric boundary can appear if the model scale is not properly

selected.  The Minimum building Reynold’s number is required when small

models are employed.  The building Reynold’s number should exceed 11000

where Reynold’s number is given by UhD/υ ; where as Uh is mean wind speed at

the building height, D is the minimum building side dimension, υ  is kinematics

viscosity.  The excess of building model strongly effects the location of shear

layer on reattachment building surface which makes the discrepancy between

model and full scale of turbulent intensity.  Saathoff et al.[22] proved that when

the turbulent intensity ( hU/υσ ) increases, the concentration upstream of the vent

above the building tends to reduce, opposite to increasing of downstream

concentration.

The concentrations on leeward walls are less affected by changing model

scale.  In some cases, the discrepancy of concentration magnitude may be

acceptable if the advantages of using large wind tunnel models and the very large

uncertainties associated with prediction of full-scale concentration were

reconsidered.  To achieve the appropriate scaling, Wang et al. found that the scale
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ratio of roughness height should be the same as the scale ratio of boundary layer

thickness.  The scale ratio of roughness height should be in the range 200-400

when velocity profile between wind tunnel and full scale is similarity.  The best

similitude of turbulence intensity occurs when the scale ratio is in the range 200-

600.  If the roughness height is correctly simulated, the result of pressure

coefficient on the building surface will be acceptable even though the geometry

scale ration is incorrect.  At the same boundary layer thickness, the diffusion

coefficient is independent of model scale ratio.

Vehicle motion

The vehicular motion is not usually been modeled in wind tunnel tests on

pollutant dispersion because most investigators assume that vehicle-induced

turbulence is a secondary effect.  In 1997, Baker C. J. et al. [2] intensively studied

the effect of traffic motion on dispersion in street canyon. The experiment

indicated that the pollution concentration at all locations in the city of Lescester

model increased at higher vehicle velocity. However the result can not identified

that vehicular motion effect pollutant dispersion in urban canyon. This study only

can evidence that the vehicle motion had significant effect on the pedestrian level

concentration field in a complex environmental configuration of an UK urban

area.

Diffusion

In low wind and calm condition, the eddy diffusion is dominant factor in

pollutant distribution.  Many researchers investigate the dispersion in low wind

and calm condition.  The diffusion parameters in three directions were adjusted to

achieve the accuracy estimation.
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The basic diffusion equation under non-isotropic condition can be written as

RS
z

C
K

zy

C
K

yx

C
K

xz

C
w

y

C
v

x

C
u

t

C
zyx ++





∂
∂

∂
∂+








∂
∂

∂
∂+





∂
∂

∂
∂=

∂
∂+

∂
∂+

∂
∂+

∂
∂

        [2]

where C is the pollutant concentration

S is the source term

R is the removal term

 u, v and w are the wind components

The traditional plume model in equation 2 assumed that the mean

velocities in the y- and z-direction are small and the turbulent transport in the x-

direction is small relative to the mean velocity transport.
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With Q = the emission from a source

H = the effective height of the source

zy σσ ,  = the dispersion coefficient

To deal with low and calm wind condition, Sagendorf et al [22] and

Sharan et al. [23] used schemes as split-sigma, segmented plume, short-term

average and Umin approach to improve upon the standard model.

Many models for low and calm condition were developed as in [8].

Recently, 1995 Sharan et. al. [23] developed the model for low wind condition as

equation 3.

C (x,y,z) = ]s
xx

exp[

U

qx

x
2

2

zyx
σ

−
σσσσπ

−   [4]

Where 











++=

2

2

2

2

2

2

zyx

zyx
s

σσσ

           
−

U  = u when the x-axis is the direction of the wind with v =0



34

In general, numerical models occasionally provide some correlation result

with wind tunnel modeling.  For Example, Leithl et al. [18 ] demonstrated the

shape of the plume with numerical models such as ASMUS, FULENT and

MISKAM. The best agreement with wind tunnel data came from the ASMUS,

FULENT and MISKAM.  ABC and FLUENT indicated higher concentrations

near the plume axis and DASIM predicted lower concentration on the ground

level than wind tunnel measurement. The comparison between wind tunnel

measurement and numerical simulation in street canyons depends on wind

direction [14]. Numerical models employ finite difference and finite element

techniques to evaluate the flow and concentration distributions around a few

buildings in a street canyon. Numerical modeling for determining air pollutant

dispersion in complex urban street canyon needs to be improved in the future.

Nevertheless numerical models can be used to design and setup wind tunnel

experiments in order to shorten the time required to optimize a physical model

and to reduce the large expenditure require in pre-run test in wind tunnel.
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METHODOLOGY

No literatures reference to air pollution dispersion under elevated train

station in street canyon was found.  To model the highest concentration

experienced in a street canyon, the no wind situation was investigated in this

study as a worst case situation.  Previous study showed that wind blowing around

buildings induced the roof and corner vortices from the roof configuration and

building intersection respectively.  The inducement improves ventilation so that

the upward air pollutant movement passes through the gap between building and

train station.  In addition, the reduction of air pollutant concentration at the street

level is expected due to the vortex effect induced by many high rise buildings on

each side of Silom road. However the area under the station should not be

disturbed by wind flow above the buildings since most buildings are higher than

the station level.  Therefore the worst case situation should be in no wind situation

which can lead to extreme rise in air pollution levels to vehicle drivers during

traffic congestion period.  For this reason, the effect of wind factors, such as wind

velocity profile, wind direction, turbulence intensity profile and vehicle motions

were neglected in this study.

SITMUATION METHOD:

To achieve precisely simulation, the building canyon configuration can be

calculated from aerial photography using photogrammetry method. The aerial

photograph of study area was shown in Figure 16.  The three building dimensions

can be obtained from stereoscopic parallax by overlapping two photographs.

The building heights may be calculated with the following equation.

h = H - f
p

B
[5]

Where as  h is building height

 H is flying height(6000 ft)
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 B is air base( 2221.4 ft)

 f is the focal length camera(305.518 mm)

 p is paralax distance(mm)

Width and height of the buildings are obtained from distance formula as following

22 )()( BABAAB YYXXD −+−= [6]

Where as   a
a

A x
p

B
X = ,    b

b
B x

p

B
X =

    a
a

A y
p

B
Y = ,  b

b
B y

p

B
Y =

Note:  x a, xb, ya and y b are shown in Figure 17
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Figure 16: Aerial Photograph

N

E
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            Figure 17: xa, xb, ya and yb

The study area extends from the corner of Robinson Department Store

building to the corner of Phillip building which passes through station S2 in Silom

Road.

FIELD OBSERVATION:

The numbers of cars in each type on 6-lane road were counted with

manual counting machines.  The carbon monoxide was sampling with portable

Testo 360 Analyzer Unit. The sampling time is different in each day due to the

different travel time of investigator to reach study area in congested traffic with

varies with weather on each day during rainy season.  Also the sampling positions

depended on the electricity supply and allowable sampler positions.

 Therefore the boundary of the study area equals to 2m*3 m.  The

buildings along Silom Station and train station were simulated in scale 1: 200

with a cardboard model. The width of the 6 lane road is 22 meter as

approximately same as station width. The model configuration is shown as Figure

18.

yb

ya

y’ b

y’a
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THE LINE SOURCE DESIGN:

Similar to Kitabayashi et al., Builtijes et al. and Muchow ‘s design in

Figure 19, six columns of the 1 mm diameter were drilled along the road as to

simulate six lanes road.  The space between each holes is 3 cm which is equal to

average length of all vehicle types in full scale shown in Table 3. The line source

simulation of this study shows in Figure 20.  Different car sizes were placed

above the holes to reduce vertical momentum of exhaust gas.  The sixteen inlet

ports are connected to a 13*160*3 cm track underneath the model. The three

pathway tube connection series were used to connect the inlet ports with the gas

tank.  The mixing between air and carbon dioxide was employed as tracer gas.

The traffic emission is a result of multipling vehicle number in each types with

EPA emission factor in summer condition of idle vehicle as shown in Table 4.

To obtain vehicle number in each types, the percentage of vehicle type in field

data times highest capactity of the same vehicle type on the road.  The hourly

vehicle number of 4 vehicle types was counted at the fix point.

Table 5 summarizes these calculation. The total emission of CO, NOx  and

VOC in full scale is 3050.029, 31.5328, and 158.0775 mg/min respectively

Table 3: The Vehicle Length of Each Type

Vehicle Type Maximum length(m)

Motor cycle 2

Bus 12

Passenger Car 4.5

Pick up 5

Tuk Tuk (3 wheel car) 3

Average 5.3
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Figure 18: Model Configuration
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Figure 19:  MunChow (1991) Line Source Design

Figure 20: Line Source Simulation of this Study

* 8 Inlet Ports* 8 Inlet Ports

11.5 cm 3.4 cm

Diameter: 1 mm
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Table 4: The EPA Idle Vehicle Emission Factor.

Summer Conditions (75°F, 9.0 psi RVP Gasoline)

Pollutant Units LDGV LDGT HDGV LDDV LDDT HDDV MC

VOC g/hr 16.1 24.1 35.8 3.53 4.63 12.5 19.4

g/min 0.269 0.401 0.597 0.059 0.077 0.208 0.324

CO g/hr 229 339 738 9.97 11.2 94.0 435

g/min 3.82 5.65 12.3 0.166 0.187 1.57 7.26

NOx g/hr 4.72 5.71 10.2 6.50 6.67 55.0 1.69

g/min 0.079 0.095 0.170 0.108 0.111 0.917 0.028

LDGV:  Light-duty gasoline-fueled vehicles, up to 6000 lb Gross Vehicle Weight

(GVW) (gasoline fueled passenger cars)

LDGT : Light-duty gasoline-fueled trucks, up to 8500 lb GVW (includes pick-up

trucks, minivans, passenger vans, sport-utility vehicles, etc.)

HDGV : Heavy-duty gasoline-fueled vehicles, 8501+ lb GVW (gas heavy-duty

trucks)

LDDV : Light-duty diesel vehicles, up to 6000 lb GVW (passenger cars with

diesel engines)

LDDT:  Light-duty diesel trucks, up to 8500 lb GVW (light trucks with diesel

engines)

HDDV : Heavy-duty diesel vehicles, 8501+ lb GVW (diesel heavy-duty trucks)

MC:  Motorcycles (only those certified for highway use; all gasoline-fueled)
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Table 5: The Calculated Scale Emission of CO, NOx and VOC Concentration

Date and time Motorcycle Passenger

car

Pick up Bus Sum & Note

6/24/98/2:50-3:50 pm 1356 1457 246 205

6/25/98/1:00-2:00 pm 1811 1947 470 203

6/25/98/2:30-3:30 pm 1826 1692 400 194

6/26/98/12:26-1:26 pm 1134 1820 347 219

6/26/98/1:30-2:30 pm 1619 1785 299 167

6/26/98/3:00-4:00 pm 1079 1292 238 126

6/26/98/4:00-5:00 pm 1122 1410 247 155

6/30/98/10:30-11:30 am 1778 1550 410 165

6/30/98/12:30-1:30 pm 1394 2227 321 156

6/30/98/2:00-3:00 pm 1740 1975 493 192

7/03/98/11:30-12:30 pm 1308 1625 292 166

7/03/98/1:37-2:37 pm 1339 1167 177 115

7/4/98/12:00-1:00 pm 519 1945 272 196 Raining

7/4/98/1:00-2:00 pm 515 1918 265 182 Raining

Average(in 1 hr) 1324.2857 1700.714286 319.79 174.36 3519.143

No. of car in .023 hr 30.458571 39.11642857 7.3551 4.0102 80.94029

% of each vehicle type 37.630917 48.32751482 9.087 4.9545

Number of cars in model 307.06828 175.2677871 24.717 7.3507 514.4035

Emission(g/min) CO 2229.3157 669.5229466 139.65 11.541 3050.0288

Emission (g/min) NOx 8.5979118 13.84615518 2.3481 6.7406 31.5328

Emission (g/min) VOC 99.490123 47.14703472 9.9114 1.529 158.0775

Scale Emission(mg/min) CO 0.2786645 0.083690368 0.0175 0.0014 0.3813

Scale Emission (mg/min) NOx 0.0010747 0.001730769 0.0003 0.0008 0.0039

Scale Emission (mg/min) VOC 0.0124363 0.005893379 0.0012 0.0002 0.0198
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To match the carbon dioxide concentration distribution in the model to the

air pollutant concentration in the field, the mass scaling below was conducted.

 For concentration matching between the model and full scale

                            scalefullel −= ρρmod               [7]
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Table 5 shows the calculated scale emissions of CO, NOx and VOC

concentration to be 0.3813, 0.0039 and 0.0198 mg/min respectively.  Since these

rates produced model concentrations below the CO2 gas monitor detection limits.

Therefore the rates were increased to 1.293, 2.586, 5.177 and 10.77 mg/min

respectively.

EXPERIMENTATION:

Two different cases were investigated.  The first one was without the train

station above the road.  The second one was after the station was constructed

above the road. In each case, the test was run at different emission mass rate

situations, which are 0.3813, 0.681, 1.293, 2.586, 5.177 and 10.77 mg/min. The

measurements were replicated in 1.293, 2.586, and 5.177 mg/min treatments with

the same scenario.  To select the appropriate ventilation system, the 0.4-cm

diameter T-tubes were connected to the N2 gas tank in order to pass the air

through polluted space under train station as in Figure 21.  The N2 gas flow rates
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are 12.5, 25 and 32.5 cc/min applying to 5.177 mg/min treatments. Also with the

inlet mass rate 10.77 mg/min, the natural ventilation system such as the stack

without a blower was investigated comparing to 55-cc/min ventilation system.

The full-scale ventilation system velocities are 3.31, 6.631, 8.621 and 14.589 m/s

with the Reynold number 158,600, 317,728, 413080 and 699,040 respectively.

In order to obtain steady state, the gas mixture was delivered from gas

tanks to a plenum below the roadway by 16 inlet ports at constant flow rate

approximately 10 minutes before taking the measurement.  After that carbon

dioxide was sampled at 55 different locations as shown in Figure 22 with 1-mm

diameter probe.  The gas was sampled with a LI-6262 CO2/H2O detector at a 60

cm3/min flow rate.  Hyper Terminal transferred data at a rate of one per a second

for three minutes, according to stabilization time of detector in Figure 23. The

stabilization time of detector decreases when the difference of CO2 concentration

between two points decreases.

Figure 21: Ventilation System Design

Air inlet

Air  outletAir  outlet
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Figure 22: Sampling Point Locations
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Figure 23: Variations of Stabilization Time

Situation 1: The concentrations change from 4000 to 400 ppm

            Situation 2: The concentrations change from 400 to 4000 ppm

Situation 3: The concentrations change from 1200 to 400 ppm

Situation 4: The concentrations change from 400 to 1200 ppm
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DATA ANALYSIS:

The significant difference between the “with” and “without” using single

factor one way Anova with Turky Test identified train station cases in all

emission situations. To predict the concentration distribution of pollutant gas at

low inlet mass rate, the relationship of inlet mass rate and carbon dioxide

concentration was analyzed by trend and regression analysis with SAS and Excel

software respectively. Also the percent of CO2 reduction varying with different

ventilation systems was modeled by regression analysis with appropriate model

which produces the largest regression coefficient.

SURFER was used to obtain isopleth contours be interpolated the CO2

concentration measurements using Kriging method.  The GEOEASE software

was used to determine variogram fitting model and nugget effect for data input.
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RESULT AND DISCUSSION

THE EXPERIMENT ERROR:

Experimental errors occur mainly from CO2 background concentration

fluctuation [7] resulting from diluting inlet CO2 concentrations.  The background

concentration depended on the daily activity in the laboratory.  Therefore the

experiments were run at night when no other activities were taking place in the

laboratory.  Breathing changes the background CO2 concentration. Moving away

from the model and breathing into the plastic bag can control this effect.

Atmospheric CO2 concentrations were monitored for 30 minutes or more

before sampling in order to ascertain the steady state CO2 concentration at a fix

point in the middle of model.  By assuming constant CO2 atmospheric throughout

the time, the differential concentration values were obtained from subtracting the

atmospheric value from the measurement value.  The atmospheric CO2

concentration of the room ranged from 363.40 to 407.68 ppm.  The CO2 standard

deviation of concentration in the atmosphere varied between 1 and 11 on different

days during the sampling project.

To control the experiment, the atmosphere CO2 concentrations were

measured at 55 locations and subtracted from atmosphere CO2 concentration

value at the fix point under the same environment as when the gas tank turned on

in different emission rates.

Figure 24 shows the concentration variation of atmosphere CO2

values at street level did not exceed 5 ppm.  The highest concentration meanders

to the Southeast side of the road as the concentration distribution in the without

train station case.
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Figure 24: Atmospheric Concentration Distribution

Carbon dioxide concentrations were measured in the street canyon at various

locations with a NDIR detector (LI-6262, Licor Inc.). A second non-dispersive

infared sensor (Ventostat 2001V, Engelhard Inc.) was placed along the top of the

model buildings on the Northwest side of the road to detect the existing CO2

stream concentration above the canyon.  Figure 25 indicates that the CO2

concentration values inside street canyon fluctuate more than CO2 levels above

the canyon.  At higher elevation, the CO2 concentration curve measured inside the

canyon (LI-6262) almost parallels with CO2 concentration curve measured above

the canyon (Ventostat 2001V) except the concentrations along the north side of

the road (position 26-30) at 2 cm height. This indicated that CO2 concentration in

the laboratory did not disturb the CO2 concentration generated by line source

simulation at the 0.2 cm (street level) and 2-cm elevation.
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The two instruments with sensors at the same position indicated a CO2

concentration difference of approximately 100 ppm.  The data in Figure 25

incorporated this calibration difference.

To obtain a well designed homogeneous line source, the standard

deviation should not exceed ± 2.5 % to maintain line source homogeneity

accordingly to Meroney et. al. [20] experiment.  Figure 26 shows that the standard

deviation values vary from 8.5 to 94 % for the “without station” case at ground

level.  The mass emission rate of CO2 concentration along the road 1.293 mg/min

gives the best line source simulation due to the smallest variation.  The lateral

homogenous line source concentration was the best at the smaller mass emission

rates, of 0.381, 0.681 and 1.293 mg/min.

Figure 25: Concentration Comparison between two types of detectors
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Figure 26: Standard Deviation for Different Emission Rates, Without Station
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As the CO2 flow rate from the street exhaust ports increases the turbulence

in the flow and the deflection of the flow from exhaust ports by the vehicles,

increases the standard deviation of the CO2 concentration as illustrated in Figure

26. The asymmetry of inlet ports causes the line source to be non-homogeneous.

At low CO2, at the low emission rates, the CO2 atmospheric concentration dilutes

the CO2 measured concentration to a greater degree than is true for the higher

mass emission rates.

REPLICATIONS COMPARISON:

Replication of the experimental protocol identified the variation in

measured CO2 concentrations at each point of each.  The standard deviation of all

data points varied between 0.3 and 113.

The variation of results in part from the following changes (1) adding overhead

train station, (2) increasing CO2 emission rate and (3) adding ventilation flow

rates.  According to Appendix A, the distribution patterns of both replications

were similar for the “with” and “without” station cases.  The significant

difference was found in the1.293 mg/min emission rate for the “with station”

case. The concentration gradient along elevation of first replication is

significantly higher than second replication. The error may come form

background concentration disturbance.  The deviation of replication increases

when the ventilation supply increases.

THE SCATTER OF THE DATA:

From  the 37 Figures in Appendix B shows that linear model, red line,

were the best to use for represent the the data which scatter over the study

area(green spots). Table 6 indicated that the maximum variogram and slope for

difference situations almost always increased when the station was added and

when the emission rates were increased.  Therefore, the concentration data

become spatially independent among the samples over the test area when

emission rates increase and the train station was added above the roadways.
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  The spatial inconsistency  of the concentration fluctuations may results from the

lack of homogeneity and stationarity in the dispersion processes under very light

wind and stable atmospheric conditions [5] .   In general, the variogram should  be

zero at the origin where the distance,h, is zero.

Table 6: Variogram Data of Different Situation

Emission rate(mg/min) Station Ventilation cc/min Nugget Sill Range Slop Max. Variogram

0.381 n N 30 250 200 1.25 280

0.381 y n 0 60 200 0.3 75

0.681 n n 100 300 200 1.5 450

0.681 y n 150 700 120 5.8 900

1.23 n n 0 120 200 0.6 150

1.23 y n 0 400 200 2 410

2.586 n n 0 900 120 7.5 890

2.586 y n 400 800 200 4 1590

5.177 n n 400 1200 200 6 1800

5.177 y n 1000 3000 200 15 4200

5.177 y 12.5 4500 100 200 0.5 7600

5.177 y 25 2000 1000 200 5 4600

5.177 y 32.5 1600 100 200 0.5 2400

10.77 n n 6000 5000 200 25 16000

10.77 y n 4000 12000 120 100 21000

10.77 y 0 5000 18000 50 360 25000

10.77 y 55 8000 12000 200 60 25000

  The nugget effect, origin discontinuity, incidentally comes from

microvariability and random measurement error, not the variability between

sampling points. [16]  Figures in Appendix B illutrate that when the ventilation

systems were applied through under the station, the fluctuation in the CO2

concentration distribution. Additional increases in the ventilation flow rate under
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the station  reduces the origin discontinuous of the spatial concentration

distribution.

SIGNIFICANT DIFFERENCE OF SITUATIONS:

The one way Anova Tukey test with α = 0.05 and 0.1 was used to

characterize the mean values of the measured  C02 concentration at 55 points. The

horizontal color lines are keyed by color to the colored situation bars along the

bottom of Figure 27.  If, for example, a colored situation bar does not fall below

the horizontal line of the same color, then the situation is significantly different.

Table 7  summarizes the situations that were either significantly different

or not significantly different as depicted in Figure 27.  With this information it

may be seen that when the station was placed above the road, the air pollution

level  increases significantly for α = 0.1 but not for  α = 0.05.  Table 7 also uses

Figure 27 information to compare ventilation and non ventilation cases for

siginificant differences when  the model station  is placed above the road. For

example,  the 12.5 cc/min ventilation system was not able to reduce the air

pollution level significantly for α = 0.05 but not for 0.1.

For  increases in the emission rates from 0.381 to 2.586 mg/min, the air

pollution levels were not significantly increased.  With further increases in

emission rates from 5.177  to 10.77 mg/min, the air pollution levels  were

significantly increased for the “without station” case for both  α = 0.05 and 0.1.

By contrast, for the “with station” case, the air pollutation levels were

significantly increased for emission rates from 0.381 to 0.681 mg/min. Otherwise,

the results were the same as for the “without station” case for both α = 0.05 and

0.1.
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Table 7:  Compilation of Situations and Significant Differences

Situations Alpha = 0.05 Alpha = 0.1

0.381 ns < 0.381 s significantly different significantly different

0.681 ns < 0.681 s significantly different significantly different

1.293 ns < 1.293 s significantly different significantly different

2.586 ns < 2.586 s Not significantly different significantly different

5.177 ns < 5.177 s Significantly different significantly different

10.76 ns < 10.76 s Not significantly different significantly different

Vent 12.5 < 5.177 s Not significantly different significantly different

Vent 25 < 5.177 s Significantly different significantly different

Vent 32.5 < 5.177 s Significantly different significantly different
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Figure 27: Mean CO2 Concentration of 55 Sampling Locations in Different

Situations analyzed by ANOVA,  ns = “without station” case, vent = Ventilation

System, s = “with station”  case,                             The situations that fell under

the same color line were not  significantly different.
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THE CONCENTRATION DISTRIBUTION:

Ground level distribution

According to contour plot results in Appendix C, for calculated CO

emission rate used, (0.381 mg/min), the highest pollution concentration occurred

near the location which coincided with the end of the station in both cases.  For

the “with station case”, the highest concentration appeared in the middle of the

road near the Southwest end of the station. This impacts the driver more than the

pedestrians walking along the road.  Also this result coincides with the numerical

calculation from the Kasertsart University study as shown in Table 2.

In contrast to the 0.0381 mg/min emission rate situation, the highest

concentration for the emission rate of 0.681 mg/min moves to the Northeast side

of the road and away from the area covered by the station.  The reason may be

due to the stable plume moving along the train station ceiling and falling to street

level after passing through the station.  This may be seen in video format taken

during an experiment as shown in Flow1.mov file.

When the emission rate increases, the highest concentration distribution

for the “without station” cases exists at the Southeast side of the road as shown in

Appendix C.  The highest concentration distribution of atmospheric CO2 , which

is illustrated in Figure C-24, moves to the Southeast side of the road as does  the

highest concentration distribution for most of the “without station” cases .  In

contrast to the distribution in the “without station” case,  the highest concentration

distribution in the “with station” case appeared in the middle of the station on the

Northwest side of the road as shown in Appendix C.  The tall buildings along the

Southeast side of the road obstruct the pollution dispersion when the station is

located above the road even though the full-scale width between the buildings is

approximately 6 meters. The deviation of the highest concentration distribution

along the Southeast side of the road for the “without station” case appears to be a

line source simulation error. For example, the building configuration with high
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buildings next to low buildings contributes to the deviation of the CO2

concentration in the middle of the road.

Vertical Distribution along the road:

The vertical concentration gradient along the side of the road in

Figures C-6 and C-8 verified that for the low emission rates (0.381 and 0.681

mg/min) the plume formed as a layer on the station ceiling before spreading out

along the space between buildings and station.  The pollutants may accumulate at

the edge of the train station at the platform level (z=8 cm in small-scale) due to

the gas slowly moving into to the space between the train station and buildings as

shown in Flow 2.mov file.

Figures C-9 through C-21 show that the vertical concentration gradient

decreases when the elevation increases for the case of higher emission rates

(1.293-10.77 mg/min).  The vertical concentration measurements for the “with

station” case fluctuate less than the “without station” case especially when

emission rates were increased.  The graphs show this larger variation in CO2

concentration as a function of elevation for the “with station” case.

 Figure C-24 illustrates that the isopleths of CO2 concentration run

somewhat horizontally on the Southeast and Northwest side of the road while the

isopleths run somewhat vertically in the middle of the road.  Figure C-25 shows

the isopleths of CO2 concentration exist in vertical layers along the middle of the

road and Northwest side of the road.  As a result when the turbulent mixing

increases for the “with station” case, the concentration isopleths will change from

a horizontal to a vertical orientation.  The vertical distribution pattern along the

middle of the road in Figure C-24 forms due to convection caused by vertical

momentum change.  The ventilation system supply increases the turbulent mixing

under the station, which reduces the vertical concentration gradient.
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Vertical Distribution Across the road:

Typically with wind blowing, the flow characteristics in the street

canyon depend on the aspect ratio, ratio of building height to street width [17].

The single vortex circulation pattern was generated in the low aspect ratio canyon

case.  Moreover, the two-vortex circulation pattern appeared in the case of a high

aspect ratio canyon configuration.

Figures C-22 and C-23 show that for calm wind conditions, the vortex

circulation was not generated in the canyon.  Figure C-22 shows the pollutants

slowly disperse from lower to upper level and then decrease exponentially in the

vertical direction as reported in [9].  The CO2 concentration distribution in Figure

C-22 is similar to that for  heat convection distribution resulting  from vertical

temperature gradients.

Therefore, the vertical concentration distribution in “without station” case

is mainly due to the convection and buoyancy forces from the line source and to a

lesser degree is due to the aspect ratio. Nevertheless, the degree of irregularity in

building heights along both sides of the road affects the precision of the measured

concentration value.

Figure C-23 shows the changing of the vertical concentration distribution

when the station is placed above the road at a low emission rate (0.381 mg/min).

The concentration increases in the vertical direction with the highest

concentration occurring near to the edge of station at platform level (z=16 m) for

the full-scale case.  Due to the station obstructing the pollutant dispersion in

vertical direction, the pollutants were partially trapped as they  would be  with

inversion conditions in the atmosphere.  However, for the “with stations” case the

pollutants can disperse through the space between station and buildings which

measures approximately 2 to 4 meters in full-scale.  As a result, the highest

concentration appears along the edge of the station.

In calm conditions, it is difficult to define the mean transport direction of

the pollutant because of diffusion direction changes frequently.
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Appropriate ventilation system:

A range of  ventilation system flow rates  were used  under the  model of

the station. The measurements showed that a 12.5 cc/min ventilation rate does not

significantly reduce the pollution concentration level under train station.

Ventilation rates of 25 and 32.5 cc/min reduce pollution levels under the station.

The 25 cc/min ventilation rate significantly reduces the air pollution level in the

“with station” case such that the pollution level drops  to the level in the “without

station” case.  For a ventilation rate in excess of  55 cc/min, the pollution level

does not significantly decrease because the jet generated blows the air  through

the space between station and building before diluting pollution under the station.

With a 4 mm diameter vertical vent duct in the middle of the station and no forced

ventilation; 0 cc/min,  the CO2 concentration measurements were larger than

when no vent duct was present.  This significant difference has no obvious

explanation.

Figure 28 shows that the ventilation system depends upon the ventilation

rate.  For example, the 55 cc/min ventilation system reduces the pollution level

(the plotted value moves upward) under the train station more than the 32.5

cc/min system.  This reduction occurs along the Northwest side of the road at

positions 2,3, 15, 17, 21, 30, and 32.  The effectiveness of 12.5 and 25 cc/min

ventilation systems exhibits similar results at most locations.
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Figure 28: Percentage of Pollution Reduction of Different Ventilation Systems
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Application to the field:

Equation 10 relates the full scale and model scale emission rates. Table 5

compiles the Bangkok mass emission rate of CO, NOx and VOC. With the

Bangkok emission data, the mass emission rate for Bangkok was calculated and

tabulated in the column on the right hand side of Table 5. For example, the full-

scale mass emission rate of CO is 3050 g/min.   The corresponding CO model

scale emission rate as seen in Table 5 was 0.381 mg/min.  Carbon dioxide was

used as a tracer in the model to represent the CO concentration distribution.

Figures C-5 and C-6 illustrate that the highest concentrations at ground level with

and without station case do not exceed the standard, which is 30 ppm on an hourly

average.

However, the maximum concentration, approximately 80 ppm, was found

at platform level (z= 16 meter in full-scale). According to Table 7 which reports

measurements made in Bangkok, the highest CO concentration from field

observation appears at the end of station, which coincides with the data from

model observation.  The field measured concentration values are lower than the

model measurement values because of wind influence.  In field measurement, the

CO decreases in vertical direction.

 To obtain NO2 and VOC concentration distributions, the concentrations

were estimated from the measured relationship between emitted emission rates

and measured concentration levels using trend and regression analysis.  First SAS

was used to conduct a trend analysis of the data. The results were developed and

illustrated in Appendix E. The output from the SAS analysis indicated that the

data could be properly represented with either linear, quadratic, cubic and quadric

because the calculated Probability (Pr) was less than 0.05 or greater than the 95 %

confidence level.  This was true for both the “with station” and “without station”

cases.  In order to choose among the four-model type for use in regression
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analysis, the one (quadratic) with the highest correlation coefficient (R2) was

selected.

      The best fit model for each position range appears in Appendix D.  The R2

values ranged from 0.40 to 0.99.  The regression analysis results were exported to

SURFER in order to plot the isopleth concentration contours as shown in Figure

C-1, C-2, C-3 and C-4 in Appendix C.

Table 8: Field Measurement Carbon Monoxide Concentration

                   Measurements  made by Umarporn Charusombat

Day (mm/dd/yy) Time CO (ppm) Position in

Figure 22

z(m)

6/24/98 2:00-3:00 13 12 1.5

6/24/98 3:00-4:00 1.14 12 3

6/25/98 2:00-3:00 9 13 1.5

6/25/98 2:00-3:00 1.9 13 3

6/26/98 2:00-3:00 4.7 15 1.5

6/26/98 3:00-4:00 1.65 15 3

6/27/98 2:00-3:00 15 14 1.5

6/27/98 3:00-4:00 3 14 3

6/28/98 2:00-3:00 1.88 2 1.5

6/28/98 3:00-4:00 1.08 2 3

6/29/98 2:00-3:00 0.261 3 1.5

6/29/98 3:00-4:00 0.307 3 3
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The maximum NO2 concentration for an emission rate 0.0039 mg/min

from Table 5 occurs at the end of station.  The calculated concentration of NO2 at

street level, based on the regression analysis, is lower than the air quality standard

(0.17 ppm).

There are essentially two maximum VOC concentration locations, which

develop for an emission rate of 0.0198 mg/min as compiled in Table 5.  One of

these appears on the Northwest side in the middle of the road and the other one

appears at the Northeast end of the station.  The maximum VOC at ground level is

approximately 1 ppm, which in the presence of solar radiation will react with NOx

to produce photochemical oxidants of which ozone is the principal constituent.

Excessive ozone concentrations could develop.  In addition to the outdoor air

quality, the indoor air quality should be considered because most of the

businesses along the study area consist of restaurants, which have open-air fronts.

Using a CO outdoor/indoor air quality relationship equation from [26], the highest

CO concentration in the building would be 57 ppm when the standard  is 30 ppm.
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CONCLUSION

The vehicular emission rates, building and canyon shapes characteristics

and train station geometry all effects the air pollutant dispersion in study area.

The model study with train station in place indicated a maximum CO

concentration of 80 ppm.  This value exceeds the Bangkok Standard of 30 ppm.

The maximum measured CO concentration level existed on the South East side of

the Silom road train station at the train platform level where occurs exposure to

waiting passengers.  At street level, the CO will effect the driver greatly near the

Southwest end of the train station as noted on Figure C-6 near the southwest end

of the train station at the 240 m, 11 m position.  The evaluated NO2 is ineffective

to the driver and pedestrian at street level because the maximum

NO2.concentration level is 0.02 ppm below Bangkok standard.  The highest NO2

concentration appears in front of Silom complex, which is the highest building in

the study area.  Also the highest VOC concentration, 1.05 ppm, occurs on the

Northwest side of the road.  In the future, this physical model evaluation should

be followed with a numerical model study.  In addition, the secondary pollutant,

Ozone, should be investigated.
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