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Abstract 

Constructing a new building will always affect the microclimate at the building and its 

surrounding area. This can lead to low airflow or poor outdoor ventilation around the 

building blocks, which can negatively influence indoor air quality, pollutant dispersion in the 

surroundings, and airborne transmission of infectious diseases.  Conversely, high wind speeds 

can also be encountered in densely built up areas that can introduce discomfort or danger. 

The air flow patterns at pedestrian level around buildings, particularly high-rise buildings, are 

generally complicated. And there are insufficient studies focusing on the pedestrian-level 

wind environment for different building designs, especially those with optimizations.  One of 

the design options for optimizations, which is called lift-up design has been proposed in this 

work. Three tall building configurations, a singular building (SB), a row of buildings (RB) 

and a row of building with podium (PB) were selected from a systematic study by Tsang et al 

(2012) that resulted in the lowest wind speed zones.  Buildings with a lift-up design may have 

a number of impacts on the pedestrian-level wind and pollutant dispersion environment. A 

3.5m lift-up in prototype scale was added to each of the three configurations producing three 

lift-up designs for comparison. Scale models of the designs were studied in the wind tunnel to 

ascertain the lift-up design influence on airflow and ventilation around the buildings. 

Undesirable areas of low wind speed leading to poor air ventilation and discomfort due to 

strong wind conditions at the other extreme are both identified in the results, and their 

practical implications are discussed.  

In this series of study, wind direction is normal to the building façade. For the building 

configurations without the lift-up design, the wind hits the windward façade of the building 

and a downwash flow is generated. This downwash results in a backflow in front of the 

building at pedestrian level.  When the two opposing windward and backflows encounter 
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each other, a low wind speed zone is created at the upstream of buildings.  For the buildings 

with lift-up designs, the low or poor ventilation situation of the upstream near-field has been 

improved due to a 3.5m lift-up area underneath of these buildings. This is because part of the 

downwash and the approaching wind can flow through the lift-up area of the buildings where 

there is reduced blocking of flow.  Consequently less backflow wind and approaching wind 

meets in front of the building at the pedestrian level.  

This study also focuses on the pedestrian-level pollutant dispersion from an upstream or 

downstream line source representing vehicular emission from a line of stopped buses. 

Pollutant dispersions from the respective line sources upstream and downstream were 

compared, and the practical implications to the wind and thermal comfort and pollutant 

dispersions are discussed. Lift-up design in general results in higher pollutant concentrations 

when upstream line source is implemented. Even higher pollutant concentrations are found 

when downstream line source is used. Building geometry and sizes can affect the pollutant 

dispersion dramatically. Larger building results in lower pollutant concentrations, and vice 

versa. Lift-up design for podium building is the most effective building type studied to reduce 

the normalized pollutant concentration when the pollutant source is located downstream side 

of the building.  

Because the 3.5m lift-up height is much lower than the building height, the 3.5m lift-up 

design has not much effect on the upper part of the building. Consequently, this study only 

emphasized on the lower part of the building. The surface pressure, which potentially affects 

cross the ventilation potential at the lower part of the building for different building 

configurations has been evaluated. It has been discovered that the lift-up design can all 

increase the cross ventilation potential for SB, RB and PB. But the RB with lift-up design has 

the highest ventilation potential among the three building configurations.  
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Thermal sensation of SB, RB and PB with and without the lift-up design has also been 

investigated. Two predictive formulas from Cheng et al’s (2010) study have been utilized to 

analyses the thermal sensation and overall comfort, which is based on PET. Summer and 

winter have been considered for this research work respectively. In summer, only positive 

thermal sensation is found for the pedestrians for singular building with and without the lift-

up design for all the zones. For a row of buildings and podium building, there are negative 

thermal sensation values for some zones. Lift-up design is the most effectively improve the 

thermal environment for pedestrians for singular building and a slab of building among three 

building types. This design can improve the downstream thermal environment for a row of 

buildings. But it is not so useful for podium building at all. In winter, all the zones for 

singular building, a row of buildings and podium building are all under negative thermal 

environment. But due to the cold environment in winter, lift-up design does not benefit the 

pedestrians significantly. In practice, architects or engineers can use singular building or a 

slab of buildings with lift-up design to achieve better mean wind speed and thermal comfort 

if these aspects are the aspects they need to consider in the architectural design. If pollution is 

the aspect that architects or engineers need to considered, it would be better to have a large 

scale building such as a podium building and locating the pollutant source downstream when 

the lift-up design is used to reduce the pollutant effect. But for the real situation inside the 

street canyon, it is suggested to conduct a simulation first, such as CFD simulations, as there 

are so many combinations of street canyons and cities.  
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Chapter One: Introduction 

1.1  Introduction 

Living in Hong Kong is living in one of the most densely populated cities in the world. Although 

high density living can efficiently utilise land and public transport, and optimally use other 

infrastructure and public utilities, this also can led to some adverse effects, for instance, 

congested building designs and urban environment. Due to the limited availability of the land in 

Hong Kong, urban renewal projects have become one of the most important topics throughout 

Hong Kong. Most of these modern buildings are not only high-rise buildings, but also located 

inside the densely packed old districts. Therefore, it normally imposes the effects of altering the 

surrounding wind environments. Residents nearby always complain the tall and bulky buildings 

obstructs winds from penetrating the downstream urban fabric and result in poor natural air 

ventilations. 

The utilisation of wind tunnels to investigate the effects of wind near the earth’s surface started 

more than a century ago when a scientist named Irminger located a model house in a small wind 

tunnel for wind pressure measurement. Many attempts have been made to develop useful 

laboratory representations of the highly variable atmospheric winds. Early researchers used wind 

tunnels to simulate steady wind flow situations. In the last thirty years, reasonable laboratory 

simulation of “atmospheric boundary layer’’ (ABL) flow was discovered. The nature of winds 

inside the atmosphere began to be investigated from 1950s. Due to the increased demand and 

concern for human health, serious attempts to control air pollution, and the development of 



2 

 

research capabilities have resulted in ever more studies on pollutant transportation within the 

building environment  since the 1970s (Cermak, 1975).  

To solve the problem of providing scientific proof of insufficient wind penetrating the 

downstream urban fabric and resulting poor natural air ventilation due to tall and bulky structures, 

the Planning Department of The Government of the Hong Kong Special Administrative Region 

has introduced Air Ventilation Assessment (AVA) to predict the urban wind environment by 

means of physical or computational methods. The main purpose is to find out whether a new 

development would significantly affect the natural ventilation of the surrounding environment by 

wind speed measurements. It is also a means of determining the low wind speed areas after a 

building has been built in an existing urban area. This is vital for assessing the proposed 

development at a particular location. But the measured results from each test are unique for a 

particular built environment and topography and concerns are mainly focused on the low wind 

speed areas. High wind speeds on the other hand can adversely affect the pedestrian comfort and 

restrict leisure activities as well.  

Additionally, Hong Kong belongs to a sub-tropical climate, tending towards temperate for nearly 

half of a year. From early May until early November, much of the population uses air 

conditioning systems to cool down their living and working spaces to achieve a comfortable 

indoor environment. This implies that people in Hong Kong relies on air conditioning more than 

six months in a year, or even longer in public areas such as shopping malls and public transport. 

Therefore, thermal comfort of pedestrians has become more and more important in people’s 

everyday life. Furthermore, private cars and public transport play a great role in any residences’ 

life in the world. The interesting aspect for Hong Kong is that many drivers keep the engine 



3 

 

running when their vehicles are stopped in urban areas, partially due to the driver wanting to 

maintain the cool and comfortable driving environment during the hot summers. This not only 

has side effects on the environment and energy, but also the vehicular pollutant emissions can 

endanger the health of pedestrians. There are more than 100 types of harmful substances in 

vehicular exhausts, such as tiny suspended particles (particulate matter), carbon monoxide (CO), 

nitrogen oxides (NOx), sulphur dioxide (SOx), hydrocarbons (HC), formaldehyde, benzene, lead 

etc. In recent years, emissions from vehicle exhaust have become one of the major urban air 

pollutions due to the dramatic growth of vehicle population despite significant improvements in 

fuel and engine technology (Vardoulakis et al., 2003). 

1.2 Statement of the Problem and Scope of This Study 

After the outbreak of the severe acute respiratory syndrome (SARS) epidemic in 2003 and the 

recent bouts of Influenze H1N1 (Swine flu), awareness of wind environment and pollutant 

dispersion has been raised, especially in those environments with significant alterations by new 

buildings constructions where either poor ventilation or strong wind concerns have been reported 

from the communities. This presented work furthers the work of Tsang et al. (2012). Based on 

Tsang et al’s (2012) work, three different types of building configurations giving the lowest wind 

speed zone had been selected for further investigation. A common design of void ground floor in 

Hong Kong called “lift-up design” has been added to each of the building configurations. In 

order to have a better illustration, some examples are giving below in Figure 1-1.  
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a)                                                         b) 

 

c) 

 

 

Figure 1-1(a). HSBC building in Hong Kong, (b): ground floor is fully open to the streets. 

c) The podium floor at HKPolyU are devoid of rooms, which provides a well-connected campus 

The presented study focuses on the study of wind speed distribution, transport and diffusion of 

vehicular pollutants at the pedestrian level around singular building (SB), a row of buildings (RB) 

and podium building (PB). The main goal is to gain a better understanding of how vehicular 

upstream and downstream pollutant source disperse with the ambient airflow at the nearby 

pedestrian-level. The region of influence, the dispersion route under different location of 

vehicular source, the wind speed distribution and the surface pressure of lower floors  for 

singular building, a row of buildings and podium building with and without the lift-up design are 

investigated during this study. Meanwhile, the thermal sensation distributions at the pedestrian 
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level for different building configurations with and without the lift-up have also been estimated. 

The obtained results have been compared in order to attain whether lift-up design affects all the 

environmental aspects mentioned earlier.  

The scope of research defined above involves a variety of disciplines and areas. Basically, only 

one complementary method, physical modelling in a wind tunnel has been employed to study the 

mechanisms of vehicular pollutant transmission at the pedestrian level when the source is located 

upstream or downstream of a building. Meanwhile, the ventilation potential at the lower level of 

the building, low wind speed zone, high wind speed zone and thermal at the pedestrian level has 

also been evaluated. Most importantly, it is for analysing how useful employing the lift-up 

design is for all these aspects. 

1.3 Objectives of the Current Research Work 

The overall aim of this research work is to evaluate the risks of poor vehicular dispersion and, 

low wind speed distribution caused by the low wind speed, as well as discomfort comfort caused 

by extremely high wind speed at the pedestrian level. The internal natural ventilation potential at 

the lower floor of the different building configurations has also been studied by analyzing 

surface pressure differences between the windward and leeward façade.  

The detailed aims for this dissertation have been listed below.  

1) To investigate the ventilation potential of singular building, a row of buildings and 

podium building with lift-up design and to determine whether lift-up design can improve 

cross ventilation. 



6 

 

2) To study the pedestrian level wind environment around three kinds of building 

configurations with and without lift-up designs and to assess the potential improvement 

of low wind speed zone at the pedestrian level by lift-up design and to discover the 

discomfort zone at the pedestrian level of these different building types and to examine 

whether the lift-up design can exacerbate the discomfort area.  

3) To examine the pedestrian-level thermal comfort environment around singular building, a 

row of buildings and podium building configurations with and without lift-up design 

under summer and winter climatic conditions and to assess the potential improvement of 

thermally discomfort area at the pedestrian level by lift-up design during summer and 

winter season. 

4)  To conclude the benefits and drawbacks of utilising the lift-up design on the thermal 

sensation at different seasons and how to make the building designs to be more efficient 

for providing a neutrally thermal conditions for the pedestrians and to provide 

recommendations which are prudent to urban designers, architects, engineers and even 

urban policy makers for improving the urban environment relating to the aims listed 

above.    

5) To learn the significance of the lift-up design on pollutant dispersion around these three 

tall building configurations with upstream and downstream pollutant emission sources.  

1.4 Structure of the Dissertation 

This dissertation consists of eight chapters that involve the introduction of the thesis, a literature 

review of the past investigations done by other researchers that are related to the current research 

work, physical modelling analysis of natural ventilation potential of lower floor levels of singular 
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building, a row of buildings and podium building with and without lift-up design, experimental 

study of building lift-up design on pedestrian wind environment and pollution dispersion. The 

contents in each chapter are summarized as following:  

Chapter 1 introduces the background and motivation of current research and overall view of this 

dissertation is also provided. 

Chapter 2 extensively reviews and discusses with the main emphasis on the airflow and 

dispersion around buildings. The airflow and pollutant dispersion at the pedestrian level has been 

emphasised here. Most of the previous work in this field is introduced here and the significance 

of the current study is also discussed in this section. 

Chapter 3 describes the research methodologies in this section. Only one well-established and 

experimental research approach, wind tunnel is introduced. The differences based on different 

study purpose are discussed, ranging from pressure measurement, to a large scale of wind speed 

measurement and pollutant dispersion measurement. Equipment for each different measurement 

has been described in details in this section. The detailed considerations about experiment design 

and arrangement are also given. 

Chapter 4 reports the first stage of wind tunnel studies. A 1:200 scale singular building, a row of 

buildings and podium building with and without lift-up design was constructed to illustrate the 

basic features of pressure under wind effect for singular building, a row of buildings and podium 

building with and without lift-up design. Pressure distributions at the lower level of different 

building configurations have been given in this chapter and natural ventilation potential of 

different floors of various building types has also been given. Meanwhile, the significance of lift-
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up design for different building configurations for improving or exacerbating the natural 

ventilation potential has been analysed and discussed. 

Chapter 5 presents the second stage of wind tunnel investigations. The 1:200 scale building 

model is also used for this chapter. 2m in prototype scale of pedestrian-level wind speed 

measurement was conducted inside the wind tunnel. Meanwhile, the contour diagrams for mean 

wind speed and gust wind speed for different building configuration with and without lift-up 

design have been described respectively. Low wind speed zone and discomfort areas caused by 

insufficient wind-induced natural ventilation and excessive high wind at the relevant areas. 

Different areas of the overall measurement zone have been discussed individually. Therefore, 

some suggestions for urban planners, engineers or architects are given here in regarding to how 

and where to locate the relevant facilities. And the importance of implementing lift-up design for 

different building types has been concluded.  

 

Chapter 6 used the mean measured wind speed data from chapter 5 in the second stage of the 

wind tunnel experiment to analyse the thermal comfort environment of different building 

configurations with and without the lift-up design under summer and winter climatic conditions. 

Thermal contour diagrams of each different building configuration have been described and the 

thermal sensation distributions at different zones for the mean wind speed measurement area 

have been discussed in details. How significant of lift-up design in thermal environment at the 

pedestrian level has been concluded in this chapter. 
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Chapter 7 describes the third and final stage of wind tunnel. The detailed concentration 

distribution at the pedestrian level 2m in prototype for different building types with upstream and 

downstream line source is also been given in this chapter.  The pollutant dispersion for different 

location has been compared between the building configuration with and without the lift-up 

design. For this comparison, mean wind speed distribution has also been taken into consideration. 

A summary whether lift-up design is useful for singular building, a row of buildings and podium 

building for pollutant dispersion when line source is located upstream or downstream has been 

given.  

Chapter 8 gives a general conclusion drawn from the present work, and states the limitations of 

this research work as well as the suggestions for future researches. 
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Chapter Two: Literature review of air flow and air pollutant dispersion 

around buildings 

2.1 Introduction 

People spend more than 90% of their time indoors (Li et al. 2007), especially in the urban area. 

Long-term exposure to poor indoor air quality (IAQ) can cause various health problems, 

exacerbated as Sick Building Syndrome (SBS), which can lead to morbidity, disability, disease 

or even death (ASHRAE Handbook, 2009). More than 2 million people, mainly women and 

children, die annually due to the deadly mixture of pollutants resulting from the burning of 

biomass, especially when cooking indoors in developing countries (Sundell, 2004). In developed 

countries, the use of synthetic building materials has increased in building insulations, internal 

furnishing and craft materials. Consequently, many contaminant sources are being introduced 

into the indoor working and living environment, releasing volatile organic compounds (VOCs). 

Some VOCs cause eye, nose and throat irritation, and others damage liver, kidney and central 

nervous systems. VOC levels indoors are normally 2 to 5 times higher than outdoors, but 

significantly higher VOCs level can occur after the immediate use of materials. Consequently, 

buildings have become sources of contamination and are often more polluted than their 

surroundings (Spengler & Chen, 2000).  

Meanwhile, pollutant dispersion in urban areas has become another issue of public concern, 

particularly in those densely populated cities. Pollutants might affect pedestrians directly and 

occupants inside the building indirectly.  Exhaust gases from rooftop vents (Li and Stathopoulos, 
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1997), stacks and other sources around a building (Cowan et al, 1997; Hefny & Ooka, 2009; 

Higson et al. 1996; Mavroidis et al. 1999) can all lead to air quality problems depending on wind 

conditions and released chemical quantities, resulting in intake air to the building or surrounding 

buildings containing high concentrations of toxic and odorous chemicals. The flow adjacent to 

the lee face of a building is more or less upward; and in the building wake there exists a reversed 

flow in the lower part. When a pollutant source is located within the recirculating wake, high 

concentrations may accumulate. In building arrays, plumes are normally 2 to 4 times wider than 

in the open terrain (Macdonald et al. 1998). Building shapes and the arrangement of obstacles in 

the array determine pollutant dispersions in the near-wake region (Mavroidis & Griffiths, 2001). 

When the buildings are very tall, greater influence on lateral flow and concentration of the plume 

is exhibited.  

After the Severe Acute Respiratory Syndrome (SARS) outbreak in 2003, airborne transmission is 

suspected to be the major route leading to large scale outbreaks in high-density residential 

environments (Yu et al. 2004; Niu & Tung, 2007). The airborne spread concept was first 

introduced by Wells (Wells, 1934; Wells, 1955) and Riley and O’ Grady (1961)  to culminate in 

the well-known Wells-Riley equation (Riley et al. 1978) for evaluating the effects of ventilation, 

filtration and other physical processes on the transmission of airborne diseases. With respect to 

vertical cross-floor air contamination, second hand tobacco smoke and fish-cooking fumes from 

lower floors are two most obvious examples. Mavroidis et al. (2003) initially proved that the 

pollutant air could be entrained and mixed vertically up to the top of a building. Buoyancy driven 

upward air convection could carry airborne fine droplets upwards. Therefore, this vertical 

contaminant flow can bring potential health problems to the adjacent occupants upstairs, 

especially in high-rise buildings. Cluster of SARS cases occurred in a number of large high-rise 
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residential blocks, and there appeared to be upward spread patterns i.e. - upper floor residents 

were affected by those on the lower floors.  Also DNA strands of the SARS Corona-Virus have 

been found within window sill and floors deposits on the upper floors of an index patient (Niu & 

Tung, 2007). These blocks have rectangular plan layouts and operable windows flush with a flat-

façade. When doors are shut and a window functions as both inlet and outlet, these flats become 

single-side ventilated. The air flowing from the lower floors rises up along the façade due to 

buoyancy effect and can directly flow into the adjacent upper floors.   

It can generally be concluded that airflow around building blocks influence indoor air quality, 

pollutant dispersion in the surroundings, and airborne transmission of infectious diseases. To 

address these practical concerns, researchers worldwide have adopted a number of techniques 

and methods in their investigations.  

Pedestrian wind environment is particularly interesting for researchers to investigate the air flow 

and pollutant dispersion at the pedestrian level. The effects of wind force on pedestrians have 

been a concern since it was realized that tall buildings could greatly accelerate the wind at grade 

(Soligo et al. 1998). The air flow at the pedestrian level can cause insufficient air flow for the 

pedestrians. So that the pollutant from the traffic and industrial manufacturer etc can all 

accumulate at these areas. Consequently, occupants at the lower level of the residential or office 

building can be affected. For those fully exposed to this environment are even worse, such as 

pedestrians, shop keepers etc. On the other hand, too strong wind at the pedestrian can cause 

unpleasant, discomfort and dangerous for the pedestrian. Pedestrians can hardly walk, blown off 

etc. In some of extreme cases, it can also impact on human safety, particularly for those areas 

having typhoon season. Therefore, evaluating the wind environment is an indispensable element 
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in the design of buildings (Yamada et al. 1996). Wind comfort and wind safety for pedestrians 

are an important requirements in urban areas. May city authorities request studies of pedestrian 

wind comfort and wind safety for new buildings and new urban areas. These investigations 

include combining statistical meteorological data, aerodynamic information and criteria for wind 

comfort and wind safety (Metje et al. 2008; Stathopoulos, 2006; Durgin, 1997; Sanz-Andres & 

Cuerva, 2006). Detailed aerodynamic information can be attained by using wind tunnel 

experimentation, on-site measurements and Computational Fluid Dynamics (CFD) modeling 

(Blocken et al. 2012). Therefore, some alternatives have also been studied by other researchers. 

More discussion will be provided in the later section.  

The purpose of this article is to review the current state of knowledge of each technique and 

available software for measuring air quality in single building block and among building arrays, 

which means on-site measurements, reduced-scale wind/water tunnel experiments and 

Computational fluid dynamics (CFD ) numerical simulations. What has been carried out in the 

field of pollutant dispersions around buildings will be summarized to shed light on the research 

gaps in air pollutant dispersions around buildings.  

2.2  On-site measurements 

On-site measurements have been classified into two categories namely, full scale measurements, 

and physical scaled measurements.  

2.2.1 Full scale measurement 

Full scale measurement means testing flow and concentration around a single building, or 

between a prototype-sized building array, under real atmospheric conditions.  
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2.2.1.1 An isolated low rise building 

Drivas and Shair (1974) released Sulfur hexafluoride (SF6) as an instantaneous point source in 

the wake region, on the roof, and inside a three-story building to explore the air flow and 

dispersion pattern within the wake. Tracer gas was detected by electron-capture gas 

chromatography. The wind velocity and direction over the building and 18 m above ground level 

were measured using an anemometer. The wake region of the building was discovered to be 

well-mixed in all three dimensions and the characteristic exponential dilution time was 

approximately 1 min. Santos et al. (2005) conducted field experiments to examine the fluctuating 

time-series of concentration on the wall and to ascertain the influence of atmospheric stability 

and building dimensions of a complex building. The experiments occurred at atmospheric 

conditions from stable to unstable for both west and south wind directions. 14 photo ionization 

detectors (PIDs) on the wall and 2 on the roof had been used to detect the tracer gas (propylene) 

with a time interval of 1/50s. It was demonstrated that concentration levels on the external walls 

except for the windward one was greatly affected by the atmospheric stability conditions, and the 

concentration values could be highly influenced - by the ratio between the building width and 

height. Mavroidis et al. (1999; 2000; 2007) released a dual source of ammonia and propane, at 

normal and 450 to the mean wind direction upwind of a single cubic building, and deployed a 

Flame Ionization Detector (FID) co-located with a Ultra-Violet Ion Collector (UVIC) to measure 

the concentration levels. The atmospheric stability conditions ranged from very stable to very 

unstable. The purpose of their study (Mavroidis et al. 1999) was to discover the potential 

influence of atmospheric stability conditions on the dispersion behavior of entrainment and 

detrainment in the wake region of an obstacle. It was found that the concentration in the 

recirculation region decayed exponentially and the decay duration (it is the time that the tracer 
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gas is fully detrained at the wake) was longer in stable atmospheric conditions due to lower wind 

speeds and higher concentrations in the wake region of the cube. Mavroidis et al. (2007) 

summarized both the mean concentration and the concentration fluctuation statistics in the 

vicinity of an isolated building. Concentration fluctuation results showed that intermittency 

values increased as the source was displaced from the centerline. Sudden peaks could occur 

when a source was displaced further away from the centerline where gas entrainment was 

intermittent. The research also revealed that a dual source/receptor system technique was useful 

for providing data for statistical analysis and modeling. The agreement between the experimental 

measurements and numerical results was good, and it was observed that a single ammonia 

experiment could produce concentrations 30% higher in mean value and 70% higher in 

fluctuating component at the wake than those for propane (2007).  

2.2.1.2 High-rise building 

On-site measurements have been reported by Niu and Tung (2008) to study the potential inter-

floor virus-spreading mechanisms through open windows. When the wind speed is small (define 

small/low e.g. <=2m/s), the buoyancy force is dominant, especially for those densely built-up 

districts with buildings over 30 storeys. The actual airflow around the buildings, particularly at 

lower floors, is much lower due to the surrounding obstructions. For a multi-family building in a 

sub-urban private residential area, with 3-storey and 15 residential units on each floor, a dual 

tracer gas of carbon dioxide (CO2) and SF6 was released simultaneously to examine the quantity 

of exhaust air coming out of the window of the lower floor that re-enters the open-window in the 

upper floor. CO2 was used for examining the ventilation rate. SF6 was used as a tracer of indoor 

pollutant originating from the lower floor and also to quantify the air change rate of the lower 

room. It was discovered that air in the upstairs room contained up to 7% of the air from the 
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downstairs room. The work proved that windows flush with a flat façade can be a major route for 

vertical spread of pathogen-containing aerosols in high-rise buildings (Figure 2-1).  

 

Figure 2-1. On-site investigation of cross-contamination of two adjacent rooms with tracer gases 

(Niu & Tung, 2008). 

2.2.1.3 Building Arrays 

In the early days, many researchers (Lucas et al. 1967; Moor & Paper, 1967; Lucas & Paper, 

1967; Hamilton, 1967; Hino, 1968; Bullock & Lewis, 1968; Bringfelt, 1968; Barynin & Wilson, 

1972) employed full-scale on-site measurements for examining the pollutant dispersion from 

power stations (Lucas et al. 1967; Moor & Paper, 1967; Lucas & Paper, 1967; Hamilton, 1967; 

Hino, 1968; Barynin & Wilson, 1972), urban traffic (Bullock & Lewis, 1968; Drivas & Shair, 

1974; Drivas & Shair, 1974; Karra et al. 2011; Nakamura & Oke, 1988), industrial complexes 

(Barynin & Wilson, 1972) and laboratories (Karra et al. 2011). Lucas et al. (1967) performed a 

field measurement of surface sulfur dioxide (SO2) concentration at distances of 1 km to 12 km 

downwind of a 360MW Tilbury Power Station within a sector of ±30
o
 of a single wind direction 

and a lidar device based on a ruby laser to measure the height of the plume. Twenty-two SO2 

recorders were used to collect 3-min air samples for ground level SO2 concentration 
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measurements (Lucas et al. 1967). Munro and Casella anemometers were employed for 

measuring wind speeds above and below 2m/s respectively (Lucas et al. 1967).  Lucas et al. 

(1967) concluded that the plume rise could reach 1000m or more horizontally and turbulence 

decreased above a height of 100m generally. Increased chimney height did not necessarily 

produce increased plume rise (Hamilton, 1967). Similarly, Barynin and Wilson (1972) employed 

fast-response flame-photometric detector for recording the concentration of sulfur compounds in 

air 5km downwind of West Burton Power Station on a rooftop of Imperial College, London. The 

rapidly fluctuating concentration dramatically influenced the human response, though it could be 

quickly reduced by adaptation. Hino (1968) carried out field experiments on atmospheric 

diffusion of smoke from high stacks of power stations. Cobalt sulfate particles and Freon-12 gas 

as tracers were released into the stack, and a total number of 48 air sampling points were located 

at distances 3 to 15 km from the sources and within 45
o 

of the wind direction to investigate 

dispersion (Hino, 1968). Drivas and Shair (1974) released 66.5kg of SF6 in Anaheim over 45 

minutes at noon time, and collected the air samples by electron-capture gas chromatography in 

five communities downwind of Anaheim throughout the afternoon. They concluded that SF6 

appeared to be an ideal tracer for studying transport and dispersion of pollutants over urban areas. 

It was also used to simulate a quasi-instantaneous line source of vehicle exhausts, with its 

concentrations being detected 0.4 to 3.2km downwind of the motorway at ground level (Drivas 

& Shair, 1974). The data from this field observation was used to validate the Gaussian plume 

model and various forms of the semi-empirical diffusion equation (Drivas & Shair, 1974). A 

field work regarding traffic pollutant dispersion within a non-symmetrical canyon with an off-

centre traffic lane in the city of Nicosia, Cyprus was investigated under oblique and parallel 

winds for approximately a month (Karra et al, 2011).  The tracer gas carbon monoxide (CO) was 
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emitted at different locations and recorded for eight hours per day at several locations along both 

sides of the street, at heights of 1.5m and 2.5m from the ground (Karra et al, 2011).  ICOM 

monitors were used for CO measurements and CO concentration was higher at 1.5m than 2.5m. 

Thus, pollutant concentrations are expected to be higher at pedestrian level than rooftop level. 

High levels were also measured in the middle of the street canyon. Concentration levels 

remained similar for both side of the street but consistently 10% higher on the North side during 

a parallel wind direction, but much higher concentration levels were observed when the wind 

direction was oblique (Karra et al, 2011).  

A street canyon generally refers to a relatively narrow street formed between buildings that line 

up continuously along both sides. It has a distinct climate where micro-scale meteorological 

processes dominate (Nakamura & Oke, 1988) where air ventilation and pollutant removal occur 

solely through the roof level. The flow pattern inside a street canyon depends on its geometry, 

especially the building-height (H) to street-width (W) ratio. The flow field between widely 

spaced buildings (H/W<0.3) do not interact, resulting in the isolated roughness flow (IRF) 

regime. At closer spacing (0.3<H/W<0.7) the wake behind the upwind building is disturbed by 

the recirculation created in front of the windward building, which is the wake interference flow 

(WIF) regime. Reduced spacing (H/W>0.7) results in the skimming flow (SF) regime. The IRF, 

WIF and SF airflow regimes are shown in Fig.2. Wilson and Lamb (1994) performed a field 

experiment to examine and refine a minimum dilution model within buildings cluster in a 

university campus. Hourly average air samples were collected at 44 building roof locations to 

examine SF6 tracer gas dispersion from six uncapped fume hood exhaust vents. It was found that 

the model predictions agreed well with measured maximum concentrations over the 5-270m 
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range of exhaust to receptor distances, and that the hourly averaged dilution was strongly 

influenced by upwind building generated turbulence.  

 

Figure 2-2. Three flow regimes with different building-height-to-street-width ratios H/W (Lucas 

et al. 1967). 

In Davidson et al.’s (1995) study, flow visualization and gas concentration measurement were 

conducted to investigate plume dispersion below the building array height and along the array. 

Certain mean concentration statistics did not change materially as the plume passed through the 

obstacle array, which included the form of the cross-sectional profiles, the decay along the centre 

line and the lateral growth with downstream distance. However, a 40-50% increase of the mean 

vertical extent of the plume had been detected. Due to the magnitude of the building arrays, it is 

difficult and cost prohibitive to perform the tracer gas measurements as many samplers and 

receptors are needed. Probably partly because of this reason, on-site tracer gas measurements for 

building arrays are scarce.  
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In terms of pedestrian wind environment is concerned, Metje et al. (2008) investigated the 

complex relationship between physical and psychological parameters on human comfort levels. 

A site on the University of Birmingham, UK campus had been chosen for investigation. The 

meteorological data were collected by completing questionnaire including demography and 

clothing values and from a portable MiniMet Automatic Weather Station from Skype 

Instruments Ltd. This equipment consisted of internal sensors measuring the air temperature and 

humidity and separate three-cup anemometer, wind vane and a pyranometer for relative humidity 

(RH), air temperature, wind speed, wind direction and direct solar radiation. Blocken et al. (2004) 

presented the assessment of wind climate and particularly the study had been performed to 

modify the wind climate in the passages of the Silvertop Towers which is a comprehensive 

redevelopment project for three high-rise residential buildings in the city of Antwerp, Belgium.  

The assessment was carried out by using CFD numerical modelling. As expected, the pedestrian 

wind climate was highly unacceptable. An automatic control system was designed and used to 

modify the wind climate in the passages. The actuators of the system were sliding doors that 

were mounted at both ends of the passage. The opening and closing of the doors was control by a 

decision algorithm based on local wind measurements. If the threshold wind speed in the passage 

was exceeded, at least one door would be closed. The passages were approximately opened for 

about 50 to 70% of the time.  

2.2.2 Physically-scaled model on-site measurements   

Some researchers use physical scaled models placed under real atmospheric and environmental 

conditions. In this review, it is termed ‘physical scaled model on-site measurements’ and is an 

alternative to the expensive full-scaled measurement, especially in urban areas with obstacle 

groups. However, this method may suffer from inherent similarity problems since the wind speed 
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of the scaled-down model should be lower than the full-scale model, with limited literature 

available.  

2.2.2.1 An isolated building 

Mavroidis et al. (2003) studied the plume entrainment behaviors from longitudinal, lateral and 

vertical source locations using physical scaled models for isolated obstacles in the field. A dual-

gas with ammonia and propane was released continuously 2.0H upwind of two buildings; a 

building with a height H = 1.15m and diameter D = 1.15m, and another taller building with H = 

2.3m at a nominal scale of 1/10 and 1/20 respectively. The results of the tracer gas demonstrated 

that taller obstacles resulted in reduced ground level concentrations.  

2.2.2.2 Building arrays 

Higson et al. (1996) used 1/3 to 1/10scaled model buildings, in flat terrain under stable to slightly 

unstable atmospheric conditions. The pollutant source was placed upstream of the building and 

concentrations measured using a 1s response time detector. The purpose of the work is to 

compare the mean concentrations, standard deviation, intermittency and concentration 

fluctuations, obtained using the physical scale model on-site measurement and wind tunnel 

respectively. It was found that turbulence intensity obtained in a wind tunnel occurred at a 

smaller scale. Macdonald et al. (1998; 1997) released a tracer gas of pure-grade propylene (C3H6) 

upwind of a 1/10 scale cubic building arrays in the field. UVIC detectors were deployed to 

measure the propylene concentrations. Ultrasonic anemometers were placed at 1H height and 6 

to 10H upwind of the arrays for measuring the mean and fluctuating velocity. Illustrations 

showed concentrations were much higher than rooftop ones in the front rows of the array, 

possibly due to the horseshoe vortex system around front row buildings. A higher lateral 
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concentration profile could be found closer to the source. Macdonald et al. (1997) observed that 

a greater initial dispersion plume was found when releases were located inside the array instead 

of upwind of the array. Mavroidis et al. (2001) also examined pollutant dispersion within 

building arrays of S/H = 1.5 (where S is the space between two consecutive array elements) at a 

scale between 1/10 and 1/20 in the field. A dual-gas using ammonia and propane had been 

released constantly 2.0H upwind of the obstacle at a height of 0.5H. The ammonia could be 

moved along three coordinate directions from the obstacle but the propane remained in the same 

position. The results suggested that mixing and dispersion were enhanced within the array.  

2.3 Wind/water Tunnel Physically-scaled measurements 

Achieving steady weather conditions for on-site measurements is challenging. A physically-

scaled measurement in a simulated, controlled environment can help overcome this, by reducing 

the geometrical scale of a given domain and adjusting the reference parameters to reproduce data 

under the original full-scale conditions. It has been proved especially useful in CFD model 

development (Baker & Hargreaves, 2001) Wind tunnel and water channel are two types of 

physical scaled facilities in studying airflow around buildings.  

2.3.1 Wind tunnel measurements 

Scaled building models may be used as objects in a wind tunnel. Three monitoring techniques 

are often used in a wind tunnel experiment: flow visualization for revealing the possible flow 

patterns, tracer dispersion quantifying concentrations at receptor locations, and Laser Doppler 

Anemometry (LDA) for studying the flow in detail. Also, although pressure distribution may not 

be the target for air quality studies, it is important for estimating air-infiltration in envelopes and 

is also used for validating numerical results. Conversely, although a wind tunnel might have 
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scaling difficulties, it can help to effectively approximate real atmospheric conditions in urban 

streets and investigate micro-scale pollutant dispersion around a building.  

For most wind tunnel experiments, the mean wind speed profile of the atmospheric boundary 

layer could be expressed as a power law function (Eq. 1.) or a logarithmic law function (Eq.2.2): 

U(z) = UH(z/H) 
α

                                                                 (2.1) 

where U is mean velocity (m/s) at the reference height H (m), and α is the power law exponent, 

which varies with different terrains.  

U(z)/UH = ln(z/H)1/κ                                                           (2.2) 

where κ = von Karman’s constant (= 0.4). 

The turbulence level of the approaching wind is often controlled according to turbulence 

intensity, which is defined as.  

I = u
´
/U                                                                      (2.3) 

where u
’
 is the root-mean-square of the turbulent velocity fluctuations (m/s), U is the mean 

velocity (Reynolds averaged) (m/s). 
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where k is the turbulent energy, Ux, Uy and Uz are mean velocity components.  

In analyzing pollutant dispersion based on tracer gas testing, the mean concentration could be 

normalized in the dimensionless form: 

K = 10
-6

CUH
2
/Q                                                                   (2.6) 
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where C is the measured concentration (ppm), U is the mean wind speed (m/s) at building model 

height H (m), and Q is the volumetric flow rate of the tracer gas (cm3/s).  

2.3.1.1  An isolated building 

To study the pollutant dispersion of an isolated building, tracer gas can be released at different 

locations around a building in the wind tunnel. Table 2-1 summarizes these studies which in 

general aim at revealing characteristics of ventilation exhaust dispersion around a single building 

of various shapes and orientations. Flow pattern and pollutant dispersion around an isolated 

building were studied using different tracer gases and air flow equipment inside the wind tunnel. 

Different tracer gases were also released either point source or line source from different 

locations relative to the singular obstacle. The purpose of these investigations is to offer more 

information about phenomena and critical parameters of flow field and plume dispersion around 

an isolated building; and to provide some future design guidelines for a singular obstacle 

 



25 

 

Table 2-1. Wind tunnel test of pollutant dispersion around an isolated building 

Concerns 

addressed 

Pollutant 

Dispersion 

Tracer Gas Air Flow 

Measurement 

Conclusion 

    Release Monitoring     

To illustrate a 

method of 

studying a 

necessary and 

adequate height 

(Robins & Castro, 

1977) and to 

describe flue gas 

dispersion from 

chimneys and 

stacks 

(Leutheusse & 

Motycka, 1978). 

Exhaust gas 

from the 

stacks 

(Robins & 

Castro, 

1977) and a 

chimney 

(Robins & 

Castro, 

1977; 

Leutheusse 

& Motycka, 

1978). 

Smoke was 

produced by a 

paraffin oil-fog 

generator. 

10,000ppm 

methane 

(Robins & 

Castro, 1977) 

and an oil 

aerosol 

(Leutheusse & 

Motycka, 1978) 

were emitted as 

the effluent.  

Smoke was visualized by a 

Graflex camera. A FID was 

continuously used for 

concentration measurements 

(Robins & Castro, 1977). 

The simultaneous effluent 

concentration at selected 

points was measured by a 

photo-electric light-scattering 

probe (Leutheusse & 

Motycka, 1978). 

A Thermo-Systems 

anemometer system 

measured both 

mean velocity and 

turbulence intensity 

(Robins & Castro, 

1977). Disk-type 

air speed indicator 

was used for 

indicating air 

velocity as low as 

0.25m/s 

(Leutheusse & 

Motycka, 1978). 

The stack should be high 

enough such that air 

quality standards would 

not be exceeded (Robins 

& Castro, 1977). The 

measured data of 

dispersion over flat 

terrain agreed well with 

that from the theoretical 

ones, but not with mildly 

complex topography 

(Leutheusse & Motycka, 

1978). 

To study the 

velocity and 

turbulence 

(Robins & Castro, 

1977) and plume 

above a surface 

mounted cube 

(Puttock, 1979).  

Exhaust gas 

in the 

surface and 

from a stack 

(Robins & 

Castro, 

1977; 

Puttock, 

1979). 

A mixture of 

helium and 

propane was 

released of the 

cube and from a 

stack (Robins & 

Castro, 1977; 

Puttock, 1979).  

The mean concentration was 

measured by a flame-

ionisation technique 

simultaneously from up to 32 

points (Robins & Castro, 

1977; Puttock, 1979).  

Velocity and 

turbulence were 

taken with pitot 

tubes, hot wires and 

pulse hot wires 

(Robins & Castro, 

1977; Puttock, 

1979).  

The concentration field 

beyond about two cube 

heights from the source 

could be adequately 

described by the use of 

effective source height 

concepts (Puttock, 1979).  
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 Table 2-1 (Continued)  

Concerns 

addressed 

Pollutant 

Dispersion 

Tracer Gas Air Flow 

Measurement 

Conclusion 

   Release Monitoring     

To study the air 

flow patterns, 

concentration 

dispersion on and 

around a cube 

(Ogawa et al. 1983; 

Saathoof et al. 

1995; Yassin et al. 

2005); the effect of 

model scale and 

concentration 

(Yassin et al. 

2005). 

Exhaust gas 

from the 

roof 

(Ogawa et 

al. 1983; 

Saathoof et 

al. 1995; 

Yassin et al. 

2005) and 

stacks 

(Yassin et 

al. 2005). 

SF6 as tracer 

gas emitted from 

center of cube 

roof (Ogawa et 

al. 1983; 

Saathoof et al. 

1995; Yassin et 

al. 2005) and a 

0.25m diameter 

stack with a 

height of 3m 

(Yassin et al. 

2005). 

Concentrations were taken 

for five wind angles between 

0
0
 to 45

o
 and four upwind 

roughnesses from smooth to 

rough (Ogawa et al. 1983), 

by a movable probe and a 

varian gas chromatograph of 

models (Saathoof et al. 

1995), by a photoacoustic 

multi-gas monitor (Yassin et 

al. 2005). 

A two-colour Laser 

Doppler 

anemometer (LDA) 

(u and w) (Ogawa 

et al. 1983), hot-

wire anemometers 

(u, v and w) 

(Ogawa et al. 1983; 

Saathoof et al. 

1995; Yassin et al. 

2005), an ultrasonic 

anemometer and a 

3D LDA (Yassin et 

al. 2005) 

Smooth surface and θ = 

0
0
 generated reverse flow 

at source and high 

concentrations at leading 

edge; but even higher 

rooftop values by rough 

surface (Ogawa et al. 

1983), which were 

overvalued by wind 

tunnel (Ogawa et al. 

1983). Leeward 

concentrations did not 

affect much by model 

scale (Yassin et al. 2005). 

To evaluate the 

flow (Leitl et al. 

1997; Mirzai et al. 

1994) downwind 

concentrations 

(Huber 1991; 

Huber 1989), 

concentration near 

(Leitl et al. 1997) 

or at a plane behind 

a building (Mirzai 

et al. 1994). 

Emitted 

from the 

windward 

(Huber 

1991; 

Huber 

1989), roof, 

upwind 

(Leitl et al. 

1997)  and 

downwind 

(Mirzai et 

al. 1994) 

Emitting Ethane 

upwind (Huber 

1991; Huber 

1989), SF6 on 

the roof, upwind 

and downwind 

(Leitl et al. 

1997), Helium 

leeward (Mirzai 

et al. 1994). 

It was measured by a FID 

(Huber 1991; Huber 1989) at 

different speeds, buildings 

size (Huber 1991), angles 

from -30
0
 to 60

0
 and W/H 

ratios from 2 to 22 (Huber 

1989); by a leak detector at 

angles from 0
0
 to 180

0
 at 

different height [50]; by a 

modified ‘T.S.I.’ probe at 

angles from -100 to 00 of a 

cube (Mirzai et al. 1994). 

X-array hot-wire 

probe with 

constant-

temperature 

anemometer 

(Huber 1991; 

Huber 1989) and 

hot-wire 

anemometers (Leitl 

et al. 1997; Mirzai 

et al. 1994) 

Greater concentrations 

near the building 

generated than downward 

side (Huber 1991). The 

largest plume was the 

lateral one from a source 

near the center of the 

building (Huber 1989). 

Higher discrepancies for 

ground sources than 

situations with roof 

sources were found (Leitl 

et al. 1997).  
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 Table 2-1 (Continued)  

Concerns 

addressed 

Pollutant 

Dispersion 

Tracer Gas Air Flow 

Measurement 

Conclusion 

   Release Monitoring     

To study using 

bipolar space for 

dispersion 

charging 

(Boreham 1986), 

concentration 

trends (Huber & 

Arya, 1989; 

Huber, 1988), 

behavior of a 

cloud (Krogstad 

& Pettersen, 

1986).   

Emitted 

from floor 

level, 

midway 

along the 

upwind 

(Huber & 

Arya, 1989; 

Huber, 

1988). 

Generating oil 

droplet fog at 

floor level 

(Boreham 1986) 

and introducing 

propane from a 

hemisphere 

midway along 

the upwind 

(Huber, 1988). 

It was measured by ion 

detector in the near, 

intermediate and far wake 

region of a building at 1/12 

scaled atmospheric boundary 

layer. An aspirating hot wire 

probe at 5cm height tested 

the mean concentration 

((Krogstad & Pettersen, 

1986). 

A pitot tube 

(Boreham 1986), a 

camera (Boreham 

1986; Huber & 

Arya, 1989; Huber, 

1988) and hot-wire 

anemometers 

(Krogstad & 

Pettersen, 1986) 

Video image could 

analyse smoke (Huber & 

Arya, 1989). The 

frequencies near the wake 

center were 0.1-0.3 times 

V/H ratio (Huber, 1988). 

Wilder model resulted in 

higher surface 

concentrations (Krogstad 

& Pettersen, 1986). 

To study pollutant 

dispersion on the 

near field of three 

different building 

configurations 

indicating in Fig. 

3 (Chavez et al. 

2011). 

Emitted 

from a stack 

with 

equivalent 

heights of 

1m (Chavez 

et al. 2011). 

A mixture of 

SF6 and nitrogen 

with a 

concentration of 

10ppm was 

released from 

the stack on the 

top of B1 

building 

(Chavez et al. 

2011). 

A gas chromatograph (GC) 

was taken for valuing the gas 

concentrations that 

colloected by applying the 

syringe samplers up to an 

averaging time of 1 min in 

the wind tunnel (Chavez et 

al. 2011). 

Hot-wire 

anemometers 

(Chavez et al. 

2011) 

The calculation by 

ASHRAE 2007 offers 

much lower dilutions than 

those attained from the 

wind tunnel experiment 

(Chavez et al. 2011). 
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Figure 2-3. Building arrangements (Chavez et al. 2011) 

2.3.1.2 High-rise building 

In high-rise residential buildings, each household has individual vent exhausts. In comparison, 

the vertical and horizontal cross contaminant between different floors of an isolated high-rise 

building has not been widely researched as indicated by the only relevant paper found in this 

review by Liu et al. (2010). They adopted a 1:30 scale model to represent a 10-story typical 

Hong Kong residential building in a 4m (high) x 5m (wide) x 41m (long) wind tunnel to examine 

the cross-contamination phenomenon in the re-entrance spaces. Tracer gas was continuously 

released at a constant flow rate matching the exhausted room air at the 3
rd

, 6
th

 and 9
th

 floors. The 

measured concentrations in the re-entrance spaces revealed that the pollutant released at the three 

floors spread upwards and downwards differently. Combined with the pressure distribution at the 

wall surfaces, possible horizontal pollutant spread was also analyzed.   
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2.3.1.3 Building array 

A number of wind tunnel studies of pollutant dispersion phenomena around building arrays and 

in street canyons are summarized in Table 2-2. These studies used various tracer gases and air 

flow equipment to investigate pollutant dispersion around urban arrays inside the wind tunnel. 

Different tracer gases were released either point source or line source from upwind, ground level, 

rooftop or within  the building arrays. The purpose of these investigations is to offer more 

information about phenomena and critical parameters of flow field and plume dispersion inside 

the building array; and to provide some future design guidelines for densely populated areas.  
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Table 2-2. Wind tunnel test of pollutant dispersion of building array 

Concerns 

addressed 

Pollutant 

Dispersion 

Tracer Gas Air Flow 

Measurement 

Conclusion  

    Release Monitoring     

To study flow field, 

plume dispersion 

around buildings 

(Macdonald et al. 

1998; Davidson et 

al. 1996; Yee et al. 

2006), the effect of 

near-field 

dispersion for 

downstream 

buildings (Hajra & 

Stathopoulos, 

2012). The scaling 

effects (Yee et al. 

2006) and the W/H 

ratio for a fixed 

obstacle density 

(Macdonald et al. 

1998) had also 

been tested.  

Near-field 

plume 

dispersion 

around 

urban 

buildings 

(Macdonal

d et al. 

1998; 

Davidson 

et al. 

1996; Yee 

et al. 

2006; 

Hajra & 

Stathopoul

os, 2012)  

 

Releasing Ethane 

(Davidson et al. 

1996), Methane 

(Macdonald et al. 

1998) upwind of the 

building array; pure 

Ethylene upwind 

and within the 

building array (Yee 

et al. 2006);  SF6 

and nitrogen from 

rooftop stacks 1, 3 

or 5m height and M 

range from 1 to 3 

(Hajra & 

Stathopoulos, 

2012). 

A few of Flame Ionization 

Detectors (FIDs) had been 

utilized for obtaining plume 

internal structure and mean 

concentration (Macdonald 

et al. 1998; Yee et al. 

2006). Another FID was for 

the background 

concentration (Macdonald 

et al. 1998).  Horizontal and 

vertical FIDs were used 

(Yee et al. 2006). A syringe 

sample was used for 

collecting samples. A 

VARIAN 3400 Gas 

Chromatograph (GC) was 

applied for estimating the 

concentration from the 

syringe samples (Hajra & 

Stathopoulos, 2012).  

An x-array hot-

wire (Davidson et 

al. 1996), a 

pulsed-wire 

anemometer 

(Davidson et al. 

1996), a type JBJ 

pulsed-wire 

anemometer 

(Macdonald et al. 

1998) and crossed 

hot-wire coupled 

with a digital 

vane anemometer 

(Yee et al. 2006), 

Cobra Probe 

(Hajra & 

Stathopoulos, 

2012) 

The mean concentration 

was a Gaussian form 

(Macdonald et al. 1998; 

Davidson et al. 1996). Its 

fluctuation was decreased 

by the small-scale and 

high-strength turbulence 

(Davidson et al. 1996). 2 

to 3 times larger lateral 

and vertical spreads of 

plume but lower peak 

values from wind tunnel 

(Yee et al. 2006). The 

height and across wind 

dimension of the 

downstream building and 

the spacing between 

buildings are critical in 

plume dispersion (Hajra & 

Stathopoulos, 2012).  

A two-dimensional 

street canyon (Fig. 

4.) with different 

parameters was 

studied (Huang et 

al. 2007; Klein & 

Plate, 1999).    

Vehicle 

emissions 

(Huang et 

al. 2007; 

Klein & 

Plate, 

1999) 

Emitting SF6 in 

lines of 35m 

(Huang et al. 2007) 

and 85m (Klein & 

Plate, 1999) away 

from building I and 

B respectively.   

Concentrations were 

measured by a leak detector 

for wind directions 0
0
, 15

0
, 

300, 450, 600 and 900 

(Huang et al. 2007; Klein & 

Plate, 1999). 

 

 

Hot-wire 

Anemometer 

(Huang et al. 

2007; Klein & 

Plate, 1999).  

Roof shape affected the in-

canyon vortex dynamics 

and orientation (Huang et 

al. 2007; Klein & Plate, 

1999). Maximum 

concentrations depended 

on the sampling location. 
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Table 2-2 (Continued) 

Concerns 

addressed 

Pollutant 

Dispersion 

Tracer Gas Air Flow 

Measurement 

Conclusion  

    Release Monitoring     

To study properties 

of building wakes 

and wind, impact 

of dispersion of 

material (Halitsky 

et al. 1977).  

Reactor 

emission 

(Halitsky et 

al. 1977)  

The tracer was 

emitted near the 

ground of the 

northeast side of 

buildings 

(Halitsky et al. 

1977).  

Concentration were 

measured downwind of the 

reactor containment 

structure at the EBR-II 

complex (Halitsky et al. 

1977).  

Hot-wire 

Anemometer 

(Halitsky et al. 

1977) 

The wake dimensions are 

inversely proportional to 

the atmospheric 

turbulence intensity in 

the respective directions 

(Halitsky et al. 1977).  

To study 2D 

plumes in stable 

conditions (Robins 

& Castro, 2001) 

and the impact of 

tree on ventilation 

and dispersion 

(Gromke & Ruck, 

2007; Gromke & 

Ruck, 2009). 

Transport 

dispersion 

(Robins & 

Castro, 2001; 

Gromke & 

Ruck, 2007; 

Gromke & 

Ruck, 2009)  

A nominal 3% 

by volume of 

propane in CO2 

(Robins & 

Castro, 2001), 

The line SF6 

source at ground 

level (Gromke & 

Ruck, 2007; 

Gromke & Ruck, 

2009). 

Flow visualization and FID 

(Robins & Castro, 2001), 

electron capture detection 

(ECD) (Gromke & Ruck, 

2007; Gromke & Ruck, 

2009). 

Fibre-optic and 

LDA with Dantec 

burst spectrum 

signal (Robins & 

Castro, 2001), 

Laser Doppler 

velocimetry (LDV) 

(Gromke & Ruck, 

2007; Gromke & 

Ruck, 2009). 

Entrainment speed will 

not over-predict plume 

dilution rate (Robins & 

Castro, 2001). The air 

exchange between street 

cantons and the ambience 

could be decreased by 

the tree planting 

(Gromke & Ruck, 2007; 

Gromke & Ruck, 2009). 

To provide design 

guidelines for 

densely populated 

areas for improving 

urban ventilation 

(Bady et al. 2009). 

Vehicular 

emissions 

(Bady et al. 

2009) 

Ethylene and 

synthetic air 

emitted from 

four ground level 

sources (Bady et 

al. 2009). 

FID (Bady et al. 2009) 

Thermal-type 

purified 

Germanium probes 

(GeZ-200m, 

Tohnic) (Bady et 

al. 2009) 

Building layouts and 

wind directions are 

important for ventilation 

aspects. Larger building 

gaps tend to induce more 

wind to the canyon 

(Bady et al. 2009). 
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Figure 2-4. Experimental configuration for the street canyon (Klein & Plate, 1999) 

Some papers reported the comparison between field measurements and physical scaled 

measurements. Bachlin et al. (1991) and Yassin et al. (2005) showed quite consistent agreement 

of results under neutral conditions for model and prototype in properly scaled conditions. 

Sommers et al. (1980) found that overcritical Reynolds numbers by the wind tunnel test agreed 

well with the field data. Aubrun and Leitl (2004) also confirmed a good agreement between field 

and wind tunnel data under neutral conditions, so the unsteady properties of a dispersion process 

could be produced if the unsteady turbulent behavior of the atmospheric boundary layer in wind 

tunnel was properly modeled. However, disagreements were also identified by some researchers. 

Mavroidis et al. (2003) showed that the plume was more dispersed in the field attributable to 

additional atmospheric wind meander. The research also revealed that centerline concentrations 

were higher and the effect of lateral source displacement more apparent in the wind tunnel. 

Similar findings indicated that field concentration fluctuation intensities were generally greater 

than those measured in the wind tunnel, except in the near-wake region (Higson et al. 1996) 

Macdonald et al. (1998) also agreed that more scattered results could be obtained from field 
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measurements. Ogawa et al. (1983) found that the maximum ground level concentrations from 

the field and wind tunnel measurements were in reasonable agreement, but the wind tunnel 

model tended to overestimate the concentration on the roof. Conversely, under-predictions were 

found by Lateb et al. (2010) for wind tunnel experiments, particularly along the centre region of 

the roof and leeward of the tower. It was also summarized that wind tunnel measurements 

overestimated pollutant concentrations around the roof stack but underestimated concentrations 

elsewhere. The cause of these discrepancies may be due to lower Reynolds number in the wind 

tunnel and larger variations in the meteorological conditions in the field tests, for instance, wind 

velocity, direction and temperature. Yassin et al.’s (2005) is an ideal example where the wind 

velocity and direction varied hourly during daytime field measurements.  

Most of the pedestrian-level wind environment works were conducted inside the wind tunnel. A 

convenient method to evaluate the pedestrian-level wind environment around buildings has been 

developed to yield a visual representation of the wind condition near the ground. A model is 

located at a heated floor and immersed in a flow. Infrared thermography has been utilized for 

measuring the temperature distribution on the wind tunnel floor surface. A thermal image can be 

displayed afterwards. Yamada et al. (1996) studied the relationship between the surface 

temperature and the wind speed. A simple empirical formula was derived in the regions where 

wind speeds increase, i.e. U ≥ 1.0. But it is difficult to present a description in the regions where 

wind speeds decrease. It generally overestimates the mean wind speed in the region where mean 

wind speed is low but turbulence is great. Sasaki et al. (1997) combined the thermography 

technique and the knowledge-based system to give a more reasonable evaluation of the 

pedestrian-level wind environment. An allowable error was found when the system predicted the 

higher-speed regions around the two buildings. But this system is still limited to simple 



34 

 

arrangements. To and Lam (1995) investigated wind environment around the base of a row of 

identical tall buildings through wind tunnel experiments. Wind speeds and angles at the 

pedestrian level were obtained with a split-fibre probe side-by-side arrangement of buildings to 

enable us to evaluate the wind environment with two different pedestrian-level wind descriptors. 

When the wind direction was perpendicular to the row, significant flow channelling is observed, 

which suppressed the formation of large-scale vertical structures separated from the building’s 

upwind corners at the base. Strong sheltering was discovered for the downwind building and 

separation of horseshoe-type vortices from their bases were suppressed when wind blew in the 

direction along the row of buildings. Metje et al. (2008) investigated the complex relationship 

between physical and psychological parameters on human comfort levels. Also a total 30 

different test candidates were tested in the wind tunnel for give different combination of wind 

speed and air temperature for 15 min. They were standing in the wind tunnel and were told not to 

cover up their hands by putting them in their pockets.  A clear relationship between air 

temperature, the wind speed and the human comfort level was determined. While the solar 

radiation and relative humidity did not show a strong relationship on the human comfort level.  

2.3.2 Water tunnel measurements 

Although wind tunnels have been more widely used for studying pollutant dispersion than water 

tunnels, the same principles and considerations can be employed for both methods. The major 

potential advantage of water tunnel over wind tunnel is its relative ease of simulating buoyancy 

effects. Salt bath modeling is a technique that uses water infused with varying salt solution 

concentrations to replicate thermal buoyancy in a full scale structure. Yet, dimensional analysis 

is still needed to maintain consistency between the model and prototype. Providing a similar 

atmospheric boundary layer in water is still a challenge, particularly with regards to maintaining 
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geometric similarity, viscosity and density. Table 2-3 summarizes a number of water tunnel 

based studies. These studies utilized the density differences between the salt water and water 

along with a coloured tracer to simulate plume dispersions within a building array. Pollutant 

dispersion and flow visualization in the near-field and the peak-to-mean concentrations of the 

upwind stagnant location of a building array were investigated.  The feasibility of the buoyancy 

effect of plume dispersion in a water channel was also evaluated.  
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Table 2-3. Water channel test of pollutant dispersion of building array 

Concerns addressed Pollutant Dispersion Measurement apparatus Flow Measurement Conclusion 

To assess the feasibility of 

plume dispersion in a 

water channel (Cheah et al, 

1983). Vertical and 

crosswind profiles of 

mean, variance, 

intermittency and 

conditional intensity of 

non-zero fluctuations were 

studied (Contini & Robins, 

2004). Pollutant dispersion 

in the near- field in a 

building array was 

reported (Yee et al. 2006). 

Releasing saline (Cheah 

et al, 1983) and sodium 

fluorescein dye tracer 

(Yee et al. 2006) at 

ground level in a stably 

rough surface 

atmospheric boundary 

layer. 

The concentration was 

measured simultaneously at 

multi-points by the laser-

induced fluorescence (LIF) 

technique of a 1/205 scale 

model under neutrally 

stratified atmospheric 

boundary layer with a 

working section of 0.9m 

high x 1.5m wide x 10m 

long (Yee et al. 2006). 

A pitot tube (Cheah et al, 

1983), a fibre-optic Laser 

Doppler velocimeter 

(LDV) powered by an 

argon-ion laser (Contini & 

Robins, 2004) and a Laser-

Doppler anemometer in 

backscatter mode with a 

16mV He-Ne laser (Yee et 

al. 2006) measured mean 

velocity; single sensor and 

X-array, cylindrical fibre 

film probes with a two 

channel DISA 55M Series 

anemometer tested 

turbulent velocity (Cheah 

et al, 1983). 

Mean, fluctuating (Cheah et al, 

1983) and maximum mean 

concentration (Yee et al. 2006); 

concentration fluctuation 

intensity (Yee et al. 2006) and 

its decay (Yee et al. 2006; 

Contini & Robins, 2004) could 

be accurately measured. Even 

with increasing downwind 

distance, the lateral and vertical 

plume could be reproduced well 

by water channel (Contini & 

Robins, 2004). But it 

overestimated fraction of non-

zero concentration periods near 

the edges of the plume (Contini 

& Robins, 2004). 

To study buoyant plume 

sources (Contini & 

Robins, 2006) and two 

identical buoyant plumes 

(Bara et al. 1992). Peak-to-

mean concentrations of 

ground level point sources 

at the upwind stagnant 

position of a large building 

array were determined 

(Hinds, 1969). 

Buoyant emissions were 

emitted at the top of a 

salted water tank 

(Contini & Robins, 

2006).  The fluorescent 

pigment, zinc sulfide as 

the atmospheric tracer 

emitted into a dry 

cleaning solvent, 

trichloroethane (Hinds, 

1969). 

Both quantitative plume visualizations and point 

concentration detection with a colorimeter system in a 

water towing-tank had been deployed (Contini & Robins, 

2006; Bara et al. 1992). A Self-Orienting Real Time 

Sampler (SORTS) and a Real Time Sampler (RTS) were 

applied for measured time history concentration. The 

SORTS was located at a point on the centerline. There 

were 14 samplers at 30m and 10 samplers at 50 and 100m 

from the center of the building (Hinds, 1969). 

The extra-rise of twin plume 

could be as large as 30% 

(Contini & Robins, 2006). The 

asymmetry reduced during 

plume development, the 

concentration becomes similar to 

that of a single plume with a 

double-vortex structure (Bara et 

al. 1992). No difference between 

peak-to-mean ratios measured in 

unobstructed and obstructed 

flow (Hinds, 1969).  
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2.4  Numerical experiments/simulations 

Since the 1960s, the CFD technique has been applied to analyze fluid flow, heat transfer and 

associated phenomena e.g. chemical reactions. The increasing popularity of numerical simulation 

software, attributable to increased computational power, becomes a major tool for designers 

when analyzing complex fluid flow and thermal systems. In this review, we focus on its 

application in airflow and pollutant dispersion around buildings.                                                                                               

2.4.1 Direct Numerical Simulation (DNS) 

By DNS it is meant that the Navier-Stokes equations are numerically solved directly without the 

use of turbulence models. It captures the mean flow and all relevant scales of turbulent motions, 

so extremely fine grids are required in consideration of the small eddies. It appears that some 

essential flow features such as the vortex behind a building is best captured by the DNS method. 

However, it is not amenable to use DNS in engineering applications due to the prohibitive 

computational time and memory requirements. Consequently, data from reliable DNS studies is 

scarce (Yakhot et al. 2006). Table 2-4 summarizes studies of DNS modelling for external flows 

(Yakhot et al. 2006; Rossi & Iaccarino; Coceal et al. 2006; Versteeg & Malalasekera, 2007; 

Launder & Spalding, 1974).  DNS was utilized for testing airflow pattern, heat transfer, chemical 

species transportation and urban air pollution in different locations of a singular building or 

building array. The mean flow structure and turbulence intensities were both analyzed. The aim 

of these investigations is to prove DNS’s potential as a tool in air pollutant dispersion in urban 

areas.  
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Table 2-4. DNS simulation of pollutant dispersion around an obstacle and in street canyons 

Practical concerns addressed Conclusion 

To examine the potentiality of using DNS  for 

testing urban air pollution due to chemical and 

biological dispersion around a cube (Aberdi & 

Omidyeganeh, 2008). To predict airflow pattern, 

heat transfer and chemical species transportation in 

the indoor environment (Chen & Srebric, 2002). 

To report the negative turbulence could be 

generated in front of the cube and large-scale 

anisotropic flows of the reverse energy transport 

from small to large scale (Yakhot et al. 2006). To 

study dispersion in the wake of a cube as a step 

towards the analysis of bio-agent release in urban 

environments (Rossi & Iaccarino). To investigate 

dependence between building array, mean flow 

structure and turbulence statistics (Coceal et al. 

2006). 

Generally, the concentration patterns from DNS agreed well with the 

experiment (Aberdi & Omidyeganeh, 2008; Chen & Srebric, 2002); the low 

turbulence in the wake of the cube from DNS, RANS and lab also agreed well 

(Rossi & Iaccarino). Although the primary results based on big simplifications 

were reasonable, pollutant dispersion around a cube had not been evaluated 

completely (Aberdi & Omidyeganeh, 2008). The Kolmogorov length scale 

was around 0.01 to 0.001m for air flow, which meant the grid number needed 

in a DNS was in a range of 10
15

 to 10
18

 even for a small room. So applying for 

DNS simulation is not very practical (Chen & Srebric, 2002). But DNS was 

able to evaluate the wake region of a square obstacle under very sensitive 

inflow conditions. RANS was unable to predict the streamwise turbulence flux 

(Rossi & Iaccarino). 3D simulation was necessary for building array issue and 

urban canopy models or LES at lower resolutions were recommended (Rossi 

& Iaccarino). An abnormal normal-to-the-wall velocity distribution was found 

near the cube front façade (Yakhot et al. 2006). 
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2.4.2 Reynold-averaged Navier-Stokes numerical simulations (RANS) and Large eddy 

simulation (LES) 

RANS are the “oldest” approach to turbulence modeling, which employs an integral approach for 

the whole turbulence spectrum so that turbulence modeling assumptions are required. This 

approach requires more modest computational requirements compared to DNS, reasonable 

results are achieved. Thus, they have been the mainstay of engineering flow calculations over the 

last three decades (Tominaga & Stathopoulos, 2009). The attention of RANS models is focused 

on the mean flow and the effect of turbulence on mean flow properties. Prior to the application of 

numerical methods the N-S equations were time-averaged. Extra terms, appearing in the time-

averaged flow equations due to interactions between various turbulent fluctuations, are modeled 

with different approximations. The most common RANS turbulence models are classified on the 

basis of the number of additional transport equations that need solving along with the RANS 

flow equations. Reynolds-stress models (RSM) which have seven extra transport equations are 

superior to the eddy-viscosity models, as it does not use the Bousinessq approximation. However, 

penalties occur in terms of model complexity, computing time and numeric algorithm stability. 

Therefore, the most widely used are two equation eddy-viscosity turbulence models. These are 

generally suitable for modeling air flow when secondary recirculation is not the main interest. 

The three main types of RANS models are the standard k ε− models, the RNG k ε− models and 

the Realizable k ε−  model are three main types of RANS models. The most popular model is 

the standard k ε−  model developed by Launder and Spalding (1974).  However, Tominaga and 

Stathopoulos (2009) pointed out that the standard k ε− model provides “insufficient” results for 

the concentration field around a cubic building due to poor reproducibility of the basic flow 

structure, such as the reverse flow on the roof. The best tested turbulence model is the RNG 
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k ε−  model. Mahjoub et al. (2003) also proved that, among the three first order k ε−  models, 

only the RNG k ε− model could provide good results in the exit region and in the trailing zone 

of a jet, although they rendered identical results in the upstream and far downstream regions of a 

jet. Hence, the RNG k ε−  model has been widely used recently (Yakhot et al. 1992).  Recent 

works indicated that these models seem to be very promising in describing complex processes 

(Canepa & Rodi, 1997); while some authors (e.g. (Lakehal & Rodi, 1997)) highlighted 

difficulties in downwash simulation by k ε−  models. 

Yu et al. (2004) used k ε−  model predictions to interpret the spatial transmission pattern of a 

large scale SARS outbreak in a private high-rise estate involving 7 blocks and infecting 300 

residents. As illustrated in Figure 2-5. Plan view of Amoy Garden (Yu et al. 2004)., 

epidemiological evidence demonstrated that the index patient, who resided briefly on the 16
th

 

floor in Block E, infected residents in this block and adjacent blocks. CFD and multi-zone 

modeling were applied to illustrate that buoyancy and wind driven airflow could have caused the 

airborne spread of the pathogen-laden respiratory aerosols. More residents living on the middle 

floors of the nearby blocks downstream of the index apartment were affected than those living in 

buildings upstream of the index apartment, while fewer households of the Dc and Da units of the 

nearby blocks were infected. In this application, the k ε−  model predictions played a qualitative 

role in understanding the airborne disease transmission. 
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Figure 2-5. Plan view of Amoy Garden (Yu et al. 2004). 

k ε−  model is another commonly used method for researchers to carry out their study on 

pedestrian-level wind environment. Tominaga et al. (2008) introduces guidelines that are 

proposed by the Working Group of the Architectural Institute of Japan (AIJ). These involves a 

lot of wind tunnel experiments, field measurements and computations by using high Reynolds 

number (Re) RANS models to investigate the influence of many types of computational 

conditions for various flow fields. Yoshie et al. (2007) discusses the influences of different 

simulation conditions based on CFD data, and the problems in CFD prediction of the pedestrian 

wind environment around the buildings and the present status as well. Yoshie et al. (2007) 

concluded that the accuracy of the weak wind regions behind the buildings is ungratified by CFD 

modelling. This might because RANS models are impossible to produce the vortex shedding. 

But for the strong wind region, the prediction accuracy was fairly high. For single building 

models, the CFD results were showed prediction accuracy was about 10% with experimental 



42 

 

data in the strong wind region. But simulated wind velocity was lower than the experimental one 

in the wake region. The reattachment length was longer in the computational analysis. For the 

urban block model, standard k-ε model showed a better accuracy than the modified k-ε model. 

Blocken et al. (2012) presented a general simulation and decision framework for the evaluation 

of pedestrian wind comfort and wind safety in urban areas by using CFD. One of the case studies 

is based on the campus of Eindhoven University of Technology. The 3D steady Reynolds-

average Navier-Stokes equations with the realisable k-ε model on an extensive high-resolution 

grid based on grid-convergence analysis was solved to produce the turbulence wind flow pattern 

over the campus terrain. The simulation results have been compared with the long-term and 

short-term on-site measurements. The overall average deviation between simulated and 

measured wind speed is considered a good agreement. Part of the deviations is caused by the 

deficiencies of steady RANS modelling and by the large wind speed gradients at many of the 

measurement positions. He and Song (1999) introduced some practical examples of the CFD 

model applications to environmental wind evaluation. Mochida et al. (2008) examining 

pedestrian-level wind environment for reproducing the aerodynamics effects based on k-ε model. 

The numerical results had compared with the values from the field measurements. Hu and 

Yoshie (2013) evaluated the effects of building arrangements (including building coverage ratio, 

building array and building height variation) on average ventilation efficiency in newly-built 

residential areas at pedestrian-level by utilizing the standard k-ε model. A reference urban model 

was designed based on a typical residential area in Shanghai. A large spatially-averaged wind 

speed ratio and a low visitation frequency induced a low spatially-averaged normalized 

concentration were the relationship found.  
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LES is an intermediate form of turbulence calculations which tracks the behaviors of the larger 

eddies. The premise of LES is to simulate the large-scale turbulent motions and approximate the 

small-scale motions through modeling. The effects on the resolved flow (mean flow plus large 

eddies) due to the smallest, unresolved eddies are included by means of a so-called sub-grid scale 

model. The success of the LES stems from the fact that the main contribution to turbulent 

transport comes from the large-eddy motion. In the meantime, because small-scale turbulence is 

modeled, LES requires considerably less computational resources and time than DNS. The key 

to successfully predicting airflow by the LES is to accurately represent the unresolved sub-grid-

scale (SGS) motion. As computing power increases, LES becomes widely used. Table 5 and 6 

summarize applications of RANS and LES in airflows around an isolated building, around high-

rise buildings and in building arrays. RANS and LES were both applied for evaluating the factors 

like stack height, pollutant exhaust velocity, city breathability, pollutant removal, pedestrian 

ventilation, pollutant dilution, buoyancy effects, uneven building arrangements, etc. for both an 

obstacle and a building array under stable and unstable conditions. Various pollutant sources 

were located at ground level to the rooftop and from upstream to downstream of the building. 

Both turbulence models were compared to procure capability and identify advantages and 

disadvantages. Meanwhile, the numerical results from both models were compared with 

experimental measurements.   
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Table 2-5. RANS and LES simulations of pollutant dispersion around an obstacle/isolated building 

Practical 

Concerns And Purposes 

Turbulence 

models 

Pollutant sources and 

flow conditions Conclusion 

To quantify the fraction of the plume 

(Brzoska et al. 1997), to value the 

influence of stack height and pollutant 

exhaust velocity on the concentration 

distribution in neighbourhood of the 

emitting building (Lateb et al, 2011), 

urban air pollutant dispersion (Blocken 

et al. 2008; 5], to compare with wind 

tunnel results (Kang et al. 2008), to 

study city breathability and pollutant 

removal within urban-like geometries 

(Buccolieri & Sabatino, 2010) and to 

simulate the effect on the pedestrian 

ventilation and pollutant dilution with 

different building height, aspect ratios 

and street lengths under the high-rise 

square arrays (Hang et al. 2012).  

Standard k ε−  

(Brzoska et al. 

1997; Blocken et 

al. 2008; Kang et 

al. 2008; 

Buccolieri & 

Sabatino, 2010; 

Hang et al. 

2012), 

strain/vorticity 

modified 

(Brzoska et al. 

1997),  realizable 

k ε− (Lateb et al, 

2011) and RNG 

k ε−  (Hang et 

al. 2012) 

turbulence 

models  

Source released from a 

stack within a 

recirculation area behind 

a building Lakehal & 

Rodi, 1997; Brzoska et al. 

1997), or from the stack 

(Li & Stathopoulos, 

1997), rooftop (Brzoska 

et al. 1997; Li & 

Stathopoulos, 1997) and 

ground level (Li & 

Stathopoulos, 1997). 

Uniform Carbon 

Monoxide near the 

ground of the entire street 

due to vehicular motions 

was released from 0m to 

2m at full scale (Hang et 

al. 2012). 

Numerical results were satisfactory at the far 

downwind area but less satisfactory near the wall and 

in the wake (Li & Stathopoulos, 1997). Rooftop 

dispersions were reasonable, but vertical side was 

overvalued and lateral side was undervalued (Lateb et 

al, 2011). Better steep gradients were provided by 

finite element method than finite difference method 

especially when employing multi-node elements 

(Lakehal & Rodi, 1997). The leeward wall of the 

emitting building is optimum for fresh-air intake due 

to its lowest concentration for all stack heights and 

momentum ratios (Brzoska et al. 1997). Larger and 

stronger recirculation zones and the reversed flow 

within the domain for a very compact city. So larger 

pollutant and maximum local mean age of air was 

found within more compact cities (Buccolieri & 

Sabatino, 2010). Larger building height variations 

induce better pedestrian ventilation. Reducing aspect 

ratios or increasing street lengths may also enhance 

pollutant dilution for arrays with uniform heights 

(Hang et al. 2012). 

To estimate the effects of buoyancy on 

the air flow and dispersion in the near-

wake region (Olvera et al. 2008), Gao et 

al. (2008) studied the possibility of 

virus-laden aerosols transmission in 

high-rise residential buildings. 

RNG 

k ε− turbulence 

model (Olvera et 

al. 2008; Gao et 

al. 2008) 

Emitting a buoyant and 

four non-buoyant sources 

in the near-wake (Olvera 

et al. 2008); particle 

expiration droplet 

residues at a lower floor 

(Gao et al. 2008). 

The size and shape of the cavity region, the flow and 

concentration were affected by plume buoyancy. But a 

greater fraction of plume could be captured with 

buoyant sources (Olvera et al. 2008). Roughly 7.5% of 

the exhaust air transported into the upper room on a 

windless day through open windows and the infection 

risks were estimated Gao et al. 2008). 
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Table 2-5 (Continued) 

Practical 

Concerns And Purposes Turbulence models 

Pollutant sources 

and flow conditions 
Conclusion 

To evaluate numerical method for 

reproducing controlled and non-

controlled experiment of dispersion in the 

wake of a cube by comparing the results 

from wind tunnel [73]. 

Realizable 

k ε− turbulence model 

[73] 

Rooftop source [73] 

Numerical method overvalued the pollutant at the 

roof, undervalued along the roof center, at the 

leeward and in the wake and incorrectly simulated 

the upper half between two buildings, resulting in 

an insufficiently vertically elevated plume [73]. 

To evaluate the capability of Kato and 

Launder k ε−  models and RSM model 

by examining dispersion (Delaunary et al. 

1997). 

Kato& Launde k ε− , 

RSM model 

(Delaunary et al. 

1997). 

Sources were 

released from six 

chimneys 

(Delaunary et al. 

1997). 

The modified model could predict pollutant 

dispersions on the roof and faces of the rectangular 

building despite some deficiencies (Delaunary et 

al. 1997).  

Studying the flow and dispersion around 

a cubic building (Sada & Sato, 2000; 

2002; Calhoun et al, 2004; Tominaga & 

Stathopoulos, 2009; 2010), evaluate 

various k ε−  model (Tominaga & 

Stathopoulos, 2009), comparing LES, 

wind tunnel (Sada & Sato, 2000; Sada & 

Sato, 2002) and field data (Calhoun et al, 

2004) for testing the accuracy, the 

discrepancy (Tominaga & Stathopoulos, 

2010),  and obtaining insight (Calhoun et 

al, 2004) of LES. 

The standard, the 

RNG, Kato & Launde, 

the Realizable k ε−  

model (Tominaga & 

Stathopoulos, 2009), 

LES (Sada & Sato, 

2000; 2002; Calhoun 

et al, 2004; Tominaga 

& Stathopoulos, 2009; 

2010), and puff 

method (Sada & Sato, 

2000; 2002). 

Source emitted from 

an elevated position 

and windward (Sada 

& Sato, 2000; 2002), 

upstream (Calhoun 

et al, 2004) and 

rooftop (Tominaga 

& Stathopoulos, 

2009; 2010) of the 

building. 

LES could give better insights for horizontal 

concentration diffusion and instantaneous 

concentration fluctuations (Calhoun et al, 2004; 

Tominaga & Stathopoulos, 2009). 25 times more 

computational resources, higher-resolution 

boundary and initial conditions should be given by 

field experiment for fully using LES (Tominaga & 

Stathopoulos, 2010). All the k ε−  models poorly 

predicted the concentration distribution of the side 

and leeward surfaces. The concentrations were less 

diffusive than those of the experiment (Tominaga 

& Stathopoulos, 2009).   

To study pollutant dispersion on the near 

field region of three different building 

configurations indicating in Fig. 3 

(Chavez et al. 2011). 

Realizable k ε−  
model with different 

Sct (Chavez et al. 

2011) 

Rooftop source 

(Chavez et al. 2011) 

Variation of Sct is less influenced on assessing 

pollutant dispersion in the presence of adjacent 

buildings. But it impacted the pollutant 

transportation dramatically for the isolated 

building shape (Chavez et al. 2011). 
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Table 2-6. RANS and LES simulations of pollutant dispersion in building arrays 

Practical 

Concerns and Investigation Purposes  

Turbulence 

model 

Pollutant sources 

and flow conditions Conclusion 

Flow and pollutant from motor vehicles dispersion 

within an urban street canyon were studied (Chan 

et al. 2002; Kim & Baik, 2004; Chang & 

Meroney, 2003; Sagrado et al. 2002; Tsai & Chen, 

2004; Meroney et al. 1999; Gromke et al. 2008), 

especially nitrogen oxides and hydrocarbons. 

Simulation and experimental results with different 

source strengths, wind speed and street canyon 

shapes were compared (Chan et al. 2002). The 

impacts of ambient wind direction on flow and 

pollutant dispersion (Kim & Baik, 2004) at height 

of upstream and downstream (Chang & Meroney, 

2003) were studied. To present bluff body effect 

on flow and pollutant dispersions in an urban place 

with different street aspect ratios under open-

country and urban atmospheric conditions (Chang 

& Meroney, 2003). 

RNG (Chan et 

al. 2002; Kim & 

Baik, 2004; 

Sagrado et al. 

2002), 

Realizable  

(Chan et al. 

2002; Chang & 

Meroney, 2003), 

Standard k ε−  

turbulence 

model and RSM 

(Tsai & Chen, 

2004; Meroney 

et al. 1999)  

Continuous sources 

0.15m above the 

ground (Kim & 

Baik, 2004) and in 

the middle (Chang 

& Meroney, 2003; 

Sagrado et al. 

2002); west to east 

aligned traffic line 

sources (Sagrado et 

al. 2002) along the 

canyon (Meroney et 

al. 1999; Gromke et 

al. 2008) 

The simulated results were generally similar to the 

experimental data (Chan et al. 2002; Kim & Baik, 

2004; Chang & Meroney, 2003; Tsai & Chen, 

2004). When street aspect ratio was 0.5, plume 

could be directed to the downwind. The flow field 

could be perturbed by individual buildings when 

W/H became over 5 (Chang & Meroney, 2003). 

Only 0.8% error was found between the realizable 

k ε−  model and DNS simulation for pollution 

values. But RNG k ε− model was the optimum 

turbulence model coupled with this 2D street 

canyon (Chan et al. 2002). RSM models could 

provide more realistic results than other RANS 

models (Meroney et al. 1999; Gromke et al. 2008), 

but the concentrations on the leeward wall were 

over-predicted by more than one order of 

magnitude (Meroney et al. 1999). 

To predict the concentrations on a cluster of 

buildings due to exhaust from the stack on the 

building roofs (Banks et al. 2003).  

Standard 

k ε− turbulence 

model (Banks et 

al. 2003) 

Release from a 

short stack on the 

buildings’ roof 

(Banks et al. 2003). 

CFD overestimated by 5 to 10 times by the peak 

concentration downstream of the stack compared 

with experimental results. But the predictions on 

the downstream ground level were quite accurate 

(Banks et al. 2003). 

To evaluate the feasibility and capability of 

TWIST by examining wind environment and 

urban dispersion downtown Montreal region 

(Stathopoulos & Baskaran, 1996). 

Standard k ε−  

turbulence 

model 

(Stathopoulos & 

Baskaran, 1996) 

A line source in the 

middle 

(Stathopoulos & 

Baskaran, 1996) 

Mean wind conditions agreed well for most 

locations between computed and experimental 

results. Modelling small scale, AND influence of 

fluctuating wind components, inputting specific 

topographical and building forms were still 

difficult (Stathopoulos & Baskaran, 1996).   
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Table 2-6 (Continued) 

Practical 

Concerns and Investigation Purposes  

Turbulence 

model 

Pollutant sources 

and flow conditions 
Conclusion 

To study flow and reactive pollutant dispersion a 

street canyon with various street-bottom heating 

intensity from incoming solar radiation (Lakehal 

& Rodi, 1997). 

RANS with the 

re-

normalization 

group k ε−  

model (Lakehal 

& Rodi, 1997). 

NO and NO2 

emission from 

automobiles and 

background O3 

(Lakehal & Rodi, 

1997) 

The street-bottom heating intensity impacts the flow 

patterns, the time series of the street canyon-averaged 

pollutant concentration and fluctuating pattern (Lakehal 

& Rodi, 1997). 

To confirm the accuracy and discrepancy of LES 

(Tominaga & Stathopoulos, 2011) and other 

RANS models (Gromke et al, 2008) in modeling 

pollutant dispersion in a street canyon by 

comparison with wind tunnel (Tominaga & 

Stathopoulos, 2011; Gallagher et al, 2011).  

Standard k ε− , 

RSM (Gromke 

et al, 2008), 

RNG (Meroney 

et al, 1999), 

LES model 

(Meroney et al, 

1999; Gromke 

et al, 2008) 

A point source 

(Meroney et al, 

1999) and traffic line 

sources (Gromke et 

al, 2008) released at 

the centre of the 

street canyon  

RSM performed better than standard k ε−  model apart 

from the centerline of the walls (Gromke et al, 2008). 

LES can study the transient mixing process inside the 

street canyon (Gromke et al, 2008). It also could provide 

better results of the distribution of mean concentration 

and the horizontal diffusion of concentration than 

RANS model (Meroney et al, 1999).  In general, 

numerical results agreed well with experimental data 

(Meroney et al, 1999; Gromke et al, 2008). 

To establish the effectiveness of parked cars in 

urban street canyons as passive controls on 

pedestrian personal pollutant exposure (Salim et 

al, 2011). 

LES (Salim et 

al, 2011) 

CO2 discharged at 

ground level with 

flow rate 1x 10
-5

kg/s 

(Salim et al, 2011). 

Parallel parked cars provided the best air quality on 

footpath among three setups. Wind speed and direction 

did not improve the pollutant reduction much (Salim et 

al, 2011). 

Xie and Castro (2009) studied the sensitivity to 

wind direction, inflow condition and source 

location in the intersection road in London. 

LES (Xie & 

Castro, 2009) 

A line source 

upstream of the 

major intersection 

(Xie & Castro, 2009) 

Approximately full-scale resolution of one meter could 

predict the flow, mean dispersion and concentration 

fluctuations reasonably (Xie & Castro, 2009). 

To propose a practicable, simplified uneven 

street canyon model and to evaluate effects of 

uneven building arrangement on air flow and 

pollutant dispersion in uniform and non-uniform 

street canyon in Fig. 6. (Zhang et al. 2011). 

LES (Zhang et 

al. 2011) 

A vehicle emission 

line source located at 

the centre of the 

canyon (Zhang et al. 

2011). 

The results presented that concentrations in the non-

uniform street canyons are lower than those in the 

uniform one at the pedestrian level. So pollutant 

dispersions and human health in the urban area can be 

improved by uneven building layouts (Zhang et al. 

2011). 
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Table 2-6 (Continued) 

Practical 

Concerns and Investigation Purposes  

Turbulence 

model 

Pollutant sources 

and flow conditions 
Conclusion 

To predict the capability of LES for unsteady 

flows (Gu et al. 2011). 

LES (Gu et al. 

2011) 

Vertical line 

sources placed 

within the urban 

canopy (Gu et al. 

2011). 

The simulated LES mean, lateral and vertical 

contaminants were similar to wind tunnel 

measurements (Gu et al. 2011). 

Flow and urban air contaminant dispersion 

within an urban street canyon (Letzel et al, 

2008; Walton et al, 2002; Walton & Cheng, 

2002; Cai et al. 2008; Shi et al, 2008) and 

neighborhood scale (Cai et al. 2008) have been 

studied. Feasibility and reliability of LES for 

testing turbulent flow and dispersion inside a 

group of buildings (Shi et al, 2008); unsteady 

flows and alleviating discrepancies between 

CFD and wind tunnel methods were examined 

(Shi et al, 2008) 

LES (Letzel et 

al, 2008; Walton 

et al, 2002; 

Walton & 

Cheng, 2002; 

Cai et al. 2008; 

Shi et al, 2008) 

Intermittent source 

top of the middle 

part of (Letzel et al, 

2008; Walton et al, 

2002) and in front 

of (Cai et al. 2008) 

the street canyon; a 

line of constant rate 

along the street 

(Shi et al, 2008).  

Due to the intrinsically unsteady and highly 

intermittent diffusion process of LES model (Shi 

et al, 2008), it could offer more accurate turbulent 

statistics of the flow than RANS model (Walton 

& Cheng, 2002; Cai et al. 2008), especially 

giving higher turbulence intensities, turbulence 

kinetic energy, better mixing and dispersion 

results (Cai et al. 2008). 

Urban air dispersion and urban turbulence 

characteristics in a street canyon and 

neighborhood scale had been explored (Laatar 

et al. 2002). 

The parallelized 

LES model 

PALM (Laatar et 

al. 2002) 

Vertical line 

sources placed 

within the urban 

canopy (Laatar et 

al. 2002). 

No underestimation of the intermittency of 

turbulent flow in quasi-2D geometries for the 

time-averaging process in LES or the RANS 

approach due to the steady canyon vortex. But 

some features may only be resolved at very high 

resolution even by using 3D LES (Laatar et al. 

2002).   

To study the influence of different sensible 

heat flux of a surface on a plume dispersion in 

an urban convective boundary layer (UCBL) 

(Cai, 2000). 

 LES (Cai, 2000) 

Different points in 

the center of the 

built-up area (Cai, 

2000).  

Surface concentration was generally higher and 

the pollutant was less dispersed in the vertical 

direction, when the point source was located 

above the central line across the park areas (Cai, 

2000). 
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Figure 2-6. Layout of non-uniform street canyon, in top view (a) and side view (b).  

The area depicted with dashed lines is the computational domain. Deep grey areas indicate 

the high buildings. H1 and H2 are the heights of the high building and low building, 

respectively. b1 and b2 are the lengths of the low and high buildings occupied in the 

computational domain, respectively (Zhang et al. 2011). 

From the above reviews about airflow studies around isolated buildings, high-rise buildings 

and building arrays, it is not hard to discover that RANS and LES are the most commonly 

investigated models. When both the LES and turbulent transport models are available in CFD 

code, the latter can be very appealing for environment design (Rossi & Iaccarino) due to 
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significantly reduced computing time and increased simulating accuracy. RANS modeling 

might be inappropriate for some cases due to the averaging procedure used. The standard 

k ε−  model in general strongly depends on the Schmidt number (Sct), whose optimum value 

is case-dependent and a priori unknown (Gousseau et al. 2011). Johnson and Hunter (1998) 

found that a k ε− model predicted larger concentration gradients in the wake region than 

those in wind tunnel experiments. Consequently, the k ε−  model underestimated turbulent 

diffusion and turbulence intensities in the wake. However, Gao et al. (2008) revealed that 

RNG k ε− models were unable to examine the turbulent fluctuations and instantaneous air 

exchanges through openings, especially for wind-driven single-side natural ventilation. 

Meroney et al. (1999) also concluded that over-predicted surface concentrations downwind of 

the sources emitted in the vicinity of bluff bodies could be obtained from k ε−  models (since 

RANS k ε− models cannot produce the intermittent nature of bluff-body flow). Tominaga et 

al. (2008) compared computational fluid dynamics (CFD) results using various revised k–ε 

models and large eddy simulation (LES) applied to flow around a high-rise building model. 

The results showed that k ε− model could not reproduce the reverse flow on the roof, which 

was corrected by revised k ε− models. But modified k ε− models overestimated the 

reattachment length behind the building, which could be improved by LES. It also revealed 

that -the LES with inflow turbulence showed generally good agreement with experimental 

results. The wind effects on a tall steel building was numerical evaluated by Huang et al. 

(2007) and illustrated it is necessary to correctly simulate both the incident wind velocity 

profile and turbulence intensity profile in CFD computations for successful predicting wind 

effects on tall buildings. Yoshie et al. (2011) observed that the RANS model overestimated 

the size of the recirculation zone and could not reproduce vortex shedding phenomena. 

Compared to experimental data, stronger reverse flow near the ground and the rising flow 

along the rear surface of the building were shown. LES without inflow turbulence also 
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overestimated the horseshoe vortex in front of the building and the recirculation zone, but 

underestimated the lateral gas dispersion. This could be significantly improved with LES 

with inflow turbulence. Gousseau et al. (2011) reported the results between the standard 

k ε−  simulations and wind tunnel measurements for southwest wind direction which agreed 

well but larger dispersions for west wind direction. Comparatively speaking, LES was better 

in both cases. Generally, LES produces higher exchanged fluxes compared to RANS (2011). 

A good agreement was also found between LES simulation and the wind tunnel measurement 

in respect of mean concentration, fluctuation intensity, peak concentration values, the 

windward length of a cavity region behind the building, the measured mean velocity and 

turbulent intensity (Aubrun & Leitl, 2004).  Compared to the RANS standard k ε−  model, 

no additional parameter input is required to solve the dispersion equation for LES with 

dynamic Smagorinsky subgrid-scale model (Gousseau et al. 2011). Moonen et al. (2011) 

suggested that LES is capable of obtaining the counter-gradient mechanism that governs 

turbulent mass transfer for the pollutant sources emitted from a stack place in the wake of an 

isolated building, but only in the streamwise direction. Correct parameterization of the 

turbulent fluxes via Sct is required for providing a fairly accurate concentration field when 

the pollutant source is placed outside of detachment regions. In the case of discharge 

pollutant source on the rooftop vent, LES can give better accuracy as it considers the 

influence of the building on the dispersion process, particularly in separation regions on the 

roof and in the wake of the building. Unfortunately for this case, modification of Sct cannot 

compensate for deficiencies of the flow-field. Zhang et al. (2011) studied the induced effects 

of real-time boundary wind condition on air flow and pollutant dispersion inside and above 

an urban street canyon with LES. The measured time series of boundary wind conditions 

were used as input. The findings showed that the steady boundary wind condition 

underestimated the real-time air flow turbulence inside and above the street canyon. 
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Therefore, real-time boundary conditions can reproduce much better condition for pollutant 

dispersion. The effects of uneven building layout on air flow and pollutant dispersion were 

also simulated by LES (Zhang et al. 2011). Pollutant dispersions and human health in the 

urban area can be improved by uneven building layouts (Zhang et al. 2011). So et al. (2005) 

also revealed that flow regime and pollution pattern demarcations strongly depend on the 

canyon geometry and Reynolds number. In Salim et al.’s (2011) research, steady-state 

Reynolds-averaged Navier–Stokes (RANS) turbulence closure models, the standard k–ε and 

Reynolds Stress Model (RSM), and Large Eddy Simulation (LES) coupled with the 

advection–diffusion method for species transport were used for examining the pollutant 

dispersion within a street canyon of W/H =1. The results provided that RSM performed better 

than standard k–ε turbulent model except the centreline of the canyon walls. But LES could 

more accurately predict the concentration distribution due to its capability of capturing the 

unsteady and intermittent fluctuations of the flow field, even for the horizontal diffusion of 

concentration (Tominaga & Stathopoulos, 2011). Therefore, it could resolve the transient 

mixing process within the street canyon. This can be concluded as one of the major 

advantages of LES. LES also can generate detailed information on the turbulence structure. 

Conversely, without inflow turbulence, LES could produce too much vortex shedding behind 

the building, overestimating the pollutant fluctuation in the lateral direction in the wake 

region. Besides, owing to large computational resource demands of the LES technique, it is 

regarded mainly as a research tool rather than a practical way to engineering applications 

(Yakhot et al. 2006). However, with rapid advances of computing power, LES modeling will 

be a realistic option in the near future.  
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2.5  Discussions 

Theoretically speaking, field measurements should be the most accurate method as it captures 

the real physical phenomena in nature, but using and interpreting this method could also be 

problematic due to the properties of the atmospheric boundary layer. Also the set-ups for 

these experiments are very time-consuming and expensive. Laboratory-scale physical 

modeling had the advantage of fully controllable upwind boundary conditions for airflow and 

building geometries to generate some statistically reproducible results. The flexibility of the 

set-up enables researchers to carry out some systematic and parametric studies but drawbacks 

are still exist. Firstly of all, physical-scale modeling is expensive to build, operate and 

maintain, and secondly, accuracy of physical-scaled modeling is another concern. 

Overestimation of pollutant levels along the centre region of the roof and leeward façade of 

the building has been found although improper model scaling may be the cause. This is 

because dynamic similarity requires ideal scaling for accurate results, but unsteady 

atmospheric conditions are difficult to simulate in wind tunnel experiments. Therefore, with 

few exceptions, wind tunnels simulate only neutral stability conditions. The effects of model 

scale are another concern for laboratory-scale physical simulation. Smaller Reynolds Number 

(Re) and more vortices were observed in the laboratory-scale environment than the real 

environment (Yang & Shao, 2008; Eliasson et al. 2006, Li et al. 2008). Therefore, laboratory-

scale models may fail to simulate real wind flow and pollutant dispersion as the multi-

vortices could confine pollutant dispersions (Zhang et al. 2011). In the street canyon, large 

vertical gradient concentrations could be produced by the multi-vortex (Li et al. 2008). As far 

as field measurements and CFD predictions are concerned, although on-site measurement 

could offer the exact dynamic conditions, the conditions are difficult to control and record.  

Although LES is capable of handling flow unsteadiness and intermittency of the flow, it still 

overestimates reattachment lengths behind the building. LES simulation times could also be 
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several time that of the RANS model. Theoretically, these problems can be solved using DNS 

but would require too fine a mesh and excessive computing capacity to simulate very small 

eddies. As a result, RANS models are currently the most prevalent and limitations accounted 

for during results analyses. 

Generally speaking, the mean concentration and pollutant dispersion patterns have been 

widely investigated, especially under stable atmospheric conditions. In contrast, few relevant 

measurements and simulations have occurred with respect to concentration fluctuation, 

particularly for unsteady atmospheric conditions. Researchers had been involved into these 

areas (Coceal et al. 2007; Gousseau et al. 2012; Khalighi et al. 2001; Heschl et al. 2010), but 

in practice there is still a great need to predict complex phenomena like separation and 

reattachment, unsteady vortex shedding and bimodal behavior, high turbulence, large-scale 

turbulent structures as well as curved shear layers. This is mainly due to the heterogeneity of 

urban areas and the inherent complexity of turbulent flows, even for relatively simple 

geometries. Also concentration fluctuations in unsteady environments are particularly 

important for odorant, flammable or highly toxic gases as they are related to odour perception, 

combustion and acute health effects. Historically, numerous field measurements in different 

cities were conducted, but owing to a lack of basic understanding of turbulent flow 

characteristics over building clusters, data interpretation is often unclear. Due to the 

popularity of urban air quality research, increasingly more research regarding turbulent 

processes at the street level were conducted, but mainly on small spatial and time scales. 

Applications depending on flow dynamics such as pollutant dispersions may require much 

more detailed unsteady flow studies. Horizontal pollutant dispersion phenomena have been 

extensively tested for isolated buildings and building arrays, but the investigation of vertical 

pollutant dispersion of high-rise buildings and street canyon is still rare, especially for 
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buoyancy driven natural ventilation. Furthermore, practical solutions of how to avoid vertical 

and horizontal pollutant dispersion in high-rise building, building arrays and street canyons 

are not yet readily available and required further studied. 

In terms of pedestrian-level wind environment is concerned, most of the studied were 

conducted by either wind tunnel experiment or k-ε model for a row of buildings or building 

arrays. Although there are some works done by the on-site measurement, quantity of work is 

quite limited. The remaining pedestrian-level wind studies were focusing on the wind criteria 

and wind safety code analyzing. Willemsen and Wisse (2007) described a code for assessing 

wind comfort and wind danger in the built environment in the Netherlands. The code 

prescribed a software package to calculate the statistics of the reference wind speed at a 

height of 60m, which included the most up-to-data data from meteorological station the 

Netherlands. Wu and Kriksic (2012) presented an integrated approach towards different 

aspects of pedestrian outdoor comfort conditions. The methodologies for microclimate 

assessment and strategies for master planners and building designers to create wind and 

comfort conditions that are more responsive to the local  climate had been described. This 

will encourage pedestrians to walk, bike or take public transit as opposed to driving personal 

vehicles. Koss (2006) compared different wind comfort criteria presently used at European 

wind engineering institutions. The differences and similarities were identified. Criteria based 

on hourly mean wind speed allowed for identifying relationships between different comfort 

approaches and was used to propose a more general formulation.  But criteria using gust wind 

speeds were more complex in design and application. Stathopoulos (2006) outlined an 

approach towards the establishment of an overall comfort index taking into account, in 

addition to wind speed, the temperature and relative humidity in the area. But interestingly, 
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there is none of work has conducted any research on pedestrian-level wind environment or 

pollutant dispersion for buildings with any interesting feature.  

2.6  Summary 

This review shows that the airflow, pollutant dispersion and infection spread risks in an 

isolated building and building arrays have been studied by means of field measurements, 

physical scaled measurements and numerical simulations. This review also reveals the 

research had done on the pedestrian-level wind environment by utilizing the experimental or 

numerical methods. Studies show physical scale modeling can be more controllable in terms 

of stable airflow boundary conditions, but its accuracy is compromised due to limitations in 

simulating the real atmospheric boundary layer in terms of turbulence characteristics. The 

physical scale model on-site measurement, having similar problems as wind tunnel tests, can 

over-predict the pollutant concentrations along the roof center and at leeward façade.  

Theoretically speaking, DNS can provide the most accurate results because of the 

consideration of small eddies, but due to its large computational requirements, it is 

impractical to use for airflow problems around buildings. The LES can solve the unsteadiness 

and intermittency of flow separation, but over-predicts the lateral pollutant concentration in 

the wake region of a building. The RANS models, being the most commonly used, currently 

shows obvious deficiencies in predicting the separation at a building roof and the wake flow 

at the leeward of a building.  

Despite the practical concerns to be resolved, recent studies have revealed many phenomena 

about an isolated building or groups of buildings, horizontal contaminant dispersion and the 

effects on the horizontal neighborhood. Few have focused on the vertical contaminant 

dispersion, especially with high-rise buildings. Moreover, studies of strong upward air motion 

dominated by buoyancy effects due to solar radiation under low wind conditions remains 
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scarce. Hence, combined buoyancy effects and wind forces should be considered. As this 

phenomenon would be difficult to investigate in wind tunnel tests, the increasing computing 

power favors LES models which are perceived to play a greater role in the future.  

In terms of pedestrian-level wind environment is concerned, most of the works were focusing 

on the air flow or wind comfort criteria for some simple geometry. But very few studies had 

conducted a systematic research on air flow and pollutant dispersion for buildings with 

interesting features, such as lift-up design.  
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 Chapter Three: Research Methodology 

3.1  Introduction  

The experimental and analytical methods used in this research to accomplish the goals outline 

in Chapter 1 are briefly and generally described in this chapter. The experimental component 

of this work was achieved through wind tunnel testing. The analytical components of this 

work consisted of applying statistical techniques to interpret experimental data; estimating 

and comparing wind velocity distribution and traffic pollutant dispersion at pedestrian level 

among different building configurations by using international codes, standards, and guide 

publications. It can be divided into two main categories. Firstly, aimed at those building 

configurations reported by Tsang et al. (2012) which provided the lowest wind speed, the 

wind velocity distribution and pollutant dispersion have both been researched at the 

pedestrian level for a singular building (SB), a row of buildings (RB) and a row of buildings 

with podium (PB). Next, a 3.5m lift-up design was added underneath each building 

configuration. The pedestrian wind distribution and pedestrian pollutant distribution for each 

configuration was studied whether any benefits were available for using the lift-up design.  

In this chapter, a number of issues have been described.  

1) Fundamental information involving modelling requirements are presented.  

2) The wind tunnel facilities and the simulation of approaching wind used throughout 

this study.  

3) The experimental details for this study are also provided, such as building sizes etc. 

4) Introduction to the instrumentation for pedestrian-level wind environment simulations 

in wind tunnels, including calibration and characterizations techniques.  
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5) Instrumentation for pedestrian-level pollutant dispersion in wind tunnel studies and 

equipment setup. 

6) Selection of suitable analysis methods for both wind speed and pollutant dispersion. 

Detailed information is also presented.   

3.2 Wind Tunnel Modelling Requirements 

Wind tunnel modelling is a type of physical scale modelling method. The so-called physical 

scaled modelling is to reduce the geometrical scale of a given flow domain and model size; 

meanwhile the reference parameters such as flow velocity etc. can be adjusted to reproduce 

the full scale size flow correctly. In order to simulate accurately the dynamics of the flow in 

the physical model, similarity criteria are required for the non-dimensional coefficients 

between the physical model and the atmosphere. Cermak (1975) summarized all the 

requirements which are listed below. 

• Undistorted scaling of geometry 

• Equal Rossby Number 

Ro =  =                                                   (3.1) 

Where, 

V = Horizontal velocity scale; 

L = Length scale; 

f = Coriolis parameter. 

The earth’s rotation effects should be simulated for obtaining the Rossby Number.    

• Equal Gross Richardson Number 
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Ri =                                                            (3.2) 

Where, 

g = Gravitational acceleration; 

To = Reference temperature; 

θ = Potential temperature. 

The Richardson Number is a representation of buoyant forces and inertial forces. 

• Equal Reynolds Number 

Re =  =                                          (3.3) 

Where, 

V = Characteristic velocity; 

l = Length scale; 

υ = Kinematic viscosity. 

• Equal Prandtl Number  

Pr =  =                                                (3.4)                                       

This only involves the properties of the fluid.  

• Equal Eckert Number 
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Ec =  =                                        (3.5)                                

Where, 

Cp = The constant-pressure specific heat of the flow; 

∆T = A characteristic temperature difference of the flow.  

In reality, it is impossible to satisfy all the requirements simultaneously. Only the most 

significant aspects of each application should be chosen under the specific model conditions. 

Thus, parameters with low relevant importance can be. From the above similarity 

requirements summarized by Cermak (1975), the significances of each parameter will be 

discussed in the following paragraph.  

A scaled model with all lengths equally scaled in three dimensions will meet geometric 

similarity. Therefore, accurate model making is particularly important to satisfy the 

geometric similarity requirement. With regards to the Rossby Number, it represents the ratio 

of acceleration to Coriolis acceleration due to the rotation of the earth. However, there is no 

rotation inside the wind tunnel, so the Rossby number is infinite. The rotation of the earth 

influences the upper layer of the atmosphere in nature. In this current research, the wind 

distribution and pollutant dispersion at the pedestrian level will be studied. Consequently, this 

number is negligible. The Richardson Number can also be relaxed as the presented 

experiments are conducted at room temperature, thus atmospheric stratification effects are 

negligible. Besides the target fluid in both the physical model and the prototype is air, so 

Prandtl number similarity is automatically matched in the experiment. Moreover, the 

velocities in these experiments are much smaller than the speed of sound and the flow is 

incompressible, so the Eckert number  can be neglected.  
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Reynolds number (Re) is defined as the ratio of convective inertial forces to viscous forces. It 

is impossible to have strict Re equality. This is because scale reduction of 1:100 to 1:1000 

can result in the model’s Re to be two to three orders of magnitude smaller than those in the 

atmosphere. But flows around bluff bodies with sharp edges, such as buildings, are 

commonly insensitive to Reynolds number. Above a certain Re threshold a flow becomes 

turbulent and the gross structure of the turbulence becomes similar over a wide range of Re. 

Modelling of plumes interacting with structures and simulations for measurement locations in 

the middle to far wake region (x > 1H downwind) may only require Re = UHH/  > 3,000 if a 

truly turbulent exhaust plume exists (Meroney 2004). AWES Quality Assurance Manual 

suggested that a proper Re should base on the minimum building width and on the reference 

wind speed at the top of the model, of 5x10
4
, or above.  

Therefore, the scaled model flow in the current study will be dynamically similar to the full-

scale case if the Re is larger than 5 x 10
4
.  Similar geometry and the approaching wind profile 

should be matched in the wind tunnel and in prototype. The overall dimensions of the target 

building model should be as accurate within 2%. Extra care should be taken at edges as it 

governs separation and reattachment. Architectural details should be included if their full 

dimension is 1 metre or greater. The similarity flow-characteristics require the following flow 

features: 

• Distribution of mean and turbulent velocities 

• A zero longitudinal pressure gradient 

• Distribution of mean and fluctuating temperature 

• Equality of the ratio H2/H1 if the flow is layered 
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The last two criteria can be neglected as there is no buoyancy effect on the flow pattern and 

pollutant dispersion. A combination of turbulence generating spires, a barrier at the entrance 

of the wind tunnel, and roughness elements along the wind tunnel floor upstream of the 

model can help to achieve the targeted wind characteristics. The mean speed and turbulence 

intensity in the approaching wind should be obtained within 10% error of the target values. 

Adjusting the wind tunnel roof height to make the flow non-accelerating as it is in outdoor 

atmosphere will provide a zero longitudinal pressure gradient. Meanwhile, the blockage ratio 

is another important parameter to demonstrate the constraining effect of the wind tunnel wall 

that leads to flow patterns that are not truly representative of the prototype. It is defined as a 

ratio of the projected area of the near field simulation to the wind tunnel cross-section area. It 

should be less than 10% to minimize the significance of the blockage correction (AWES-

QAM-1-2001). The height of the building models should not exceed half the wind tunnel 

height.  

3.3 The CLP Power Wind/Wave Tunnel  

The experiments were undertaken in the CLP Power Wind/Wave Tunnel (WWT) at The 

Hong Kong University of Science and Technology. Although in the real conditions, the flows 

and pollutant transport in the atmospheric boundary layer is rarely uniform in temperature, an 

isothermal wind tunnel is utilized here as it is very difficult to simulate the temperature 

differences inside the wind tunnel. The CLP Power Wind/Wave Tunnel Facility has a closed 

circuit subsonic boundary layer wind tunnel with two parallel test sections (high-speed and 

large cross-section) for civil/structural engineering and environmental engineering 

applications. The high-speed test section is 29.2m long, 3m wide and 2m high. The maximum 

free stream wind speed is approximately 28m/s. The low-speed section which has a larger 

cross-section is 40m long, 5m wide and 4m high. The maximum free stream wind speed is 
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approximately 10m/s. The wind tunnel can be converted from close circuit to open circuit by 

opening the purge doors in the return leg connecting the low and high-speed sections. This is 

to prevent pollutants accumulating in the tunnel during the pollutant dispersion experiments. 

A plan view of the wind tunnel is given in Figure 3-1.  

 

Figure 3-1. Plan view of WWTF 

In the current research, the experiments were carried out in the high-speed test section which 

is operated by an integrated computer for adjusting fan speed and a number of roughness 

elements. The roughness elements are used to induce different categories of turbulent 

boundary layers.  

3.4  Approaching Wind Profile 

The velocity profile of the atmospheric boundary layer in the wind tunnel can be described by 

a logarithmic law or a power law function.   

• Logarithmic Law Function 

U(z)/UH = ln(z/H)1/κ                                                       (3.6) 

Where  
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κ = von Karman’s constant (which is equal to 0.4). 

• Power Law Function 

                                                              (3.7) 

Where  

U(z) = mean velocity at z level above the ground; 

U(H) = mean velocity at the height of the building model;  

z = distance above the ground; 

H = the model height; 

α = the power law exponent.  

A series of spires and roughness elements were placed at the entrance of the test section to 

create a fully developed turbulent boundary layer flow, which was used as the approaching 

flow. Therefore, in this study, a power law exponent of 0.2 was adopted for the approaching 

turbulent wind flow to simulate a suburban boundary condition which is in accordance with 

Terrain Category 2 stipulated in Australian/New Zealand Standard (2002). The wind profiles 

of these experiments are indicated in Figure 3-3. This was carried out in the high-speed 

section of wind tunnel where most of the pneumatically operated roughness elements are 

controlled by computers to form the turbulent boundary layer flow. The mean wind velocity 

profile was given by wind velocity ratio that is defined as U/Ur to satisfy the boundary 

conditions similarity criteria. It was normalized by the appropriate characteristic velocity Ur 

which is approximately 10m/s at 150m in prototype scale above ground and measured by a 

hotwire anemometer. The target and measured velocity (U) and turbulence intensity (TI) 
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profile were shown in Figure 3-4. The measured U and TI are within 5% difference of the 

design U and TI.  

 

Figure 3-2. Wind tunnel setup for wind profile 
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Figure 3-3. Profiles of mean wind speed and 

turbulence intensity 
Figure 3-4. Isometric of podium building  

Table 3-1. Dimensions of building setups 

Building 

Type
1 

Building 

Height 

(h) (m) 

Building 

Width(b) 

(m) 

Building 

Depth(d) 

(m) 

Spacing(s) 

(m) 

Podium 

included 

Lift-up 

height 

(h) (m) 

Central 

Core 

Size 

(m) 

Total 

height 

(m) 

SB
 

50 75 25 N/A N/A N/A N/A 50 

Lifted_SB 50 75 25 N/A N/A 3.5 8x8 53.5 

RB 125 25 25 12.5 N/A N/A N 125 

Lifted_RB 125 25 25 12.5 N/A 3.5 16x16 128.5 

PB 125 25 25 12.5 

187.5 (b) 

x37.5 (d) 

N/A N/A 150 

Lifted_PB 125 25 25 12.5 

187.5 (b) 

x37.5 (d) 

3.5 16x16 153.5 

 

1
 - SB: singular building; RB: a row of buildings; PB: a row of building with podium       
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Three different building configurations from Tsang et al’s (2012) study were chosen for this 

study. The three building types were selected for producing the lowest wind speed areas. The 

prototype sizes of all building configurations were summarized in Table 3-1 and an isometric 

diagram of a podium building is shown in Figure 3-4, to illustrate the building configuration. 

The building models were constructed at a scale of 1 to 200. During this study, the test wind 

direction was normal to the building face and perpendicular to the row of buildings. For wind 

tunnel modelling of flow, a variety of scaling requirements between scale model and 

prototype should be satisfied to represent the prototype scale properly (Snyder, 1979, Cermak, 

1975). Dimensional groups between prototype and model scale should be consisted. But 

fortunately, a number of dimensionless parameters can be neglected due to their low relative 

importance when simulating air flow around buildings, while Reynolds number (Re) 

independence is required in terms of the normalized Navier-Stokes equation. The Reynolds 

number (Re) is a measure of inertial forces to viscous force. When the Reynolds number is 

sufficiently large, air flow is effectively independent of Re, without considering thermal 

effects. Reynolds number is normally large when air flow over bluff bodies with sharp 

corners. AWES Quality Assurance Manual suggested that the minimum Reynolds number 

should be 5 x 10
4
 based on the building width and reference wind speed at the top of the 

model.  For this study, Re even for singular building configurations with and without lift-up 

is 8.2 x 10
4
, which is much higher than the threshold value AWES Quality Assurance Manual 

recommends. Which is unsurprising since the singular building is the smallest and shortest 

building among the three building configurations. Conversely, Re for a row of buildings and 

podium building with and without the lift-up design is far above the minimum threshold 

value AWES suggested. On the other hand, geometric scaling ratio (L) is another important 

parameter for simulating pedestrian-level wind when using a scaled down model. It is defined 

as ratios of model integral scale of longitudinal turbulence (xLu)m to prototype integral scale 
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of longitudinal turbulence (xLu)p. L should be up to 3 without significantly affecting 

measurements (Surry 1982). Accuracy of building model is another additional important 

aspect, especially for the physical size, building surface details. Within 2% error is acceptable 

for the overall dimension of the target building model. Architectural details should be 

inclusive if the prototype dimension is one metre or above.  Last but not least, the blockage 

ratio is significant for producing acceptable pedestrian level wind by using physical mode. 

The blockage ratio is the projected area of the building models to the wind tunnel cross-

section area. Less than 10% is satisfied by all building configurations in the experiment to 

minimize the constraining effect of wind tunnel walls and the building height should not 

exceed half of the wind tunnel height. The tallest building configuration studied is the 

podium building with lift-up design. The building’s height occupied only 38% of the wind 

tunnel height.  

3.5  Measurement Instruments 

3.5.1 Pressure measurements 

For the pressure measurements, only the lower parts of the buildings have been investigated. 

As the lift-up height is only 3.5m in prototype, which is quite short compared to the overall 

height of the building. Therefore, the influence of lift-up design might not affect so obvious 

to the higher floors of the building. Consequently, in this research, how much change does 

the lift-up design bring to the lower part of the buildings has been investigated. As the lift-up 

height is only 3.5m, it is quite short compared to overall building height. Consequently, the 

lift-up might not have much influences on the higher part of the buildings. Therefore, 7 floors 

had been studied for the singular building with and without the lift-up design and podium 

building with and without the lift-up design, but only 6 floors had been studied for a row of 

buildings with and without the lift-up design.  
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In total, there were 273 pressure measurement points for singular building with and without 

the lift-up design. For a row of building with and without the lift-up design, there were 432 

pressure measurement points. There were 371 pressure measurement points for podium 

building with and without the lift-up design.  

In order to better demonstrate how these pressure measurement points are distributed on the 

building façade, pressure measurement points for singular building with and without the lift-

up design have been given below in Figure 3-5 and Figure 3-6. The remaining plan and front 

views for other cases are given in Appendix 1. 

 

Figure 3-5: Plan view of pressure measurement of singular building 
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Figure 3-6. Front view of pressure measurement of singular building 

 

Figure 3-7. Plan view of pressure measurement of singular building with lift-up design 
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Figure 3-8. Front view of pressure measurement of singular building with lift-up 

3.5.1.1 Pressure measurement system  

The main control unit can manipulate and record the data sent from 32 Easterline miniature 

ESP-16HD electronic differential pressure transducers. Each transducer has 16 measurement 

channels that are connected to a common reference which is atmospheric pressure. 

Fluctuating pressure signals for each channel can be measured at a sampling frequency of up 

to 1200Hz. In total, the system can handle a maximum of 512 channels or 512 pressure holes.   

3.5.2 Wind speed measurement 

3.5.2.1 The Irwin Sensor 

Over 200 Irwin Probes (Irwin, 1981) have been used for measuring pedestrian wind speeds in 

this experiment. All the sensors were installed at a height of 2m in full scale or 10mm in 

physical scale. The measurement area extends to 1.5d upstream, 2.5d laterally and 15d 
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downstream from the building (refer to Table 3-1 for definition of d). The sensor distributions 

for the singular building with and without lift-up design are given in Figure 3-9. The 

remaining sensor distributions for the other building configurations are given in Appendix 1. 

The spacing between sensors is 12.5m in prototype size when within 100m of the building. 

Where the distance is further than 100m, the spacing between sensors was 25m.  By 

assuming the air flow is symmetrical about the building’s centreline, measurement points are 

only required on one half of the buildings.  

 

 

Figure 3-9. Irwin Probes Distribution for singular building with and without lift-up design 

The Irwin probe for measuring wind speed at pedestrian level was first proposed by Irwin 

(1981) due to its simplicity and omni-directional pressure measurement. A number of wind 

tunnel studies (Wu and Stathopoulos, 1994, Soligo et al., 1998) conducted in the past have 

Wind 
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found satisfaction in using this equipment for practical applications in wind tunnel 

environments. The benefit of using this sensor compared to hotwire anemometer and cobra 

probe is due to its tiny sizes so that a large number can be installed and data collected without 

affecting the wind flow significantly (Wu and Stathopoulos, 1994). This type of probe is 

axisymmetric about its vertical axis and consists of a sensor tube that protrudes above the 

model surface to a desired height and is mounted into the model surface as shown in Figure 

3-10. The measured pressure difference between the sensor hole and the top of the sensor 

tube allows the wind speed at that height above the ground to be calculated. The modified 

Irwin probe used by Tsang et al. (2012) has been utilized for this investigation. The modified 

sensor has a protruding copper tube height of 10mm which is equivalent to 2m pedestrian 

height in the 1:200 scale building models. Irwin probes and the pressure transducer 

measurement system were connected by single lengths of PVC tubing at 650mm long. 

 

Figure 3-10. Dimensions of the designed Irwin Sensor (mm): d = 1.6, di = 0.8, h = 10, D = 5, 

H = 5.5. 
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3.5.2.2 The Irwin Sensor Operation Theory 

In a turbulent boundary layer, the wind speed profile very close to a flat surface should obey 

the universal law below. This law is applicable for the laminar sublayer and log-law region.   

U =uτf1(uτz/υ)                                                       (3.8) 

Where  

U = the wind speed;  

uτ = the skin friction velocity;  

z = the distance from the surface;  

υ = the kinematic viscosity air; 

f1 = a universal function.  

With regards to the pressure distribution over each Irwin Sensor, it should also obey a 

universal law. The pressure difference ∆p between two points of every Irwin Sensor should 

follow: 

(∆ph
2
)/(ρυ

2
) = f2(uτh/υ)                                               (3.9) 

Where, 

h = the sensor height; 

ρ = the air density; 

f2 = a universal function. 

The formula between wind speed and pressure difference at the sensor height can be derived 

equation (3.8) beneath by applying equation (3.6) and equation (3.7).  
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(∆ph
2
)/(ρυ

2
) = f3(Uh/υ)                                           (3.10) 

Where, 

f3 = a universal function.  

Based on all this theory, Irwin carried out numerous experiments on Irwin Sensors to acquire 

an empirical formula between the wind speed and pressure difference by deploying hotwire 

anemometer for wind speed measurement close to the Irwin Sensor.  

     U  = A + B                                                    (3.11)                                             

Where, 

U = the instantaneous wind speed at top of the sensor; 

A, B = constants. 

Equation (11) can be simplified as beneath form. 

U = α + β                                                   (3.12) 

Once sensor height, the sensor dimensions and surrounding conditions are fixed, constants α 

and β can be obtained by calibrating the sensor against a hotwire anemometer.   

3.5.2.3 Pressure measurement system  

From the previous section, it is already mentioned that the wind speed measurement by the 

Irwin Sensor is based on pressure measurements from the top and base points. Consequently, 

a pressure measurement system was used to record pressure signals in this experiment. The 

main control unit can manipulate and record the data sent from 32 Easterline miniature ESP-

16HD electronic differential pressure transducers. Each transducer has 16 measurement 
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channels that are connected to a common reference which is atmospheric pressure. 

Fluctuating pressure signal for each channel can be measured at sampling frequency up to 

1200Hz. Each Irwin Sensor demands two channels for measuring the pressure difference 

between the top and the base point. In total, the system can manage a maximum of 512 

channels or 256 Irwin Sensors.   

3.5.2.4 Correction of distortion effects caused by tubing system in fluctuation pressure 

The Irwin probe’s frequency response is controlled by both characteristics of the pressure 

transducer and the tubing connecting the pressure transducer and the probe. The recording 

capability of pressure transducer used for this investigation can reach up to 1000Hz sampling 

frequency. Pedestrian level wind environment studies are satisfactory with much lower 

frequencies for measurement. Consequently, only the tubing system should be considered for 

the tests. In the current research, a single length of tubing configuration was employed. 

However, one-section tubing system always induces distortion effects in fluctuating results. 

So distortion effects induced by one-section PVC tubing system for simultaneous pressure 

should be corrected.  

In order to provide time history pressures, measuring the pressures via lengths of tubing 

connecting the pressure taps to a scanivalve that contains a pressure transducer is a common 

and economical practice. The pressure measurements at various locations can be obtained in 

sequence by this type of approach. But it introduces distortion of the pressure fluctuations 

which depends on the tube length and diameter of the scanivalve internal passageways and 

the transducer internal volume. Distortion can typically be minimised by either keeping the 

tube length and transducer internal volume as small as possible or to insert a restrictor in the 

tube to allow great lengths that can be utilized. However, in the current research work, a 

digital method of correcting fluctuating pressure distortion effect on both amplitude and 
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phase by using the inverse of the tubing system transfer function has been utilised. Simply 

recording the distorted signal and digitally correcting the signals of the distortion effects of 

the pressure measuring system are required for this method. Irwin et al. (1979) also examined 

the effectiveness of the application of the inversed transfer function (ITF) method of a given 

tubing system in practice. The advantages of this approach are that longer tube lengths and a 

higher frequency response can be achieved. The undistorted fluctuating pressure at the 

pressure tap P0(t) can be written as  

                                        (3.13) 

Where An are complex Fourier coefficients of the desired pressure P0(t) and i = . 

Similarly, the measured pressure P1(t) at the pressure transducer can be written as 

                                      (3.14) 

Where Bn are complex Fourier coefficients of the measured pressure P1(t). 

                                                      (3.15) 

Where Tn is the tubing system transfer function. Assuming the transfer function Tn is known 

and Bn can be obtained from Eqn. [3.14], therefore, An can be calculated from Eqn. [3.15]. 

Eventually, P0(t) can be computed from Eqn. [3.13]. This method is called Fast Fourier 

Transform techniques. It is feasible and can correct both the amplitude and the phase.  

3.5.2.5 Wind Speed Calibration of Irwin Sensor 

Wind speed calibration constants for Irwin Probe were calculated by comparing the wind 

speed reading between an Irwin Probe and a Hotwire anemometer. The anemometer is 

considered accurate for determining wind speed measurements higher than 3m/s. The Irwin 

probe that has been used in the studies is identical in size to those used for Tsang et al’s 

(2012) research. The sensor height is 10mm for both studies. In order to ensure the Irwin 
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probe readings are analogous with Tsang et al’s (2012) study, wind speed calibrations were 

carried out. In the calibration process, the wind environment was similar to Tsang et al’s 

(2012) study. However Tsang et al’s (2012) tests were accomplished almost 3 to 4 years ago. 

Therefore, some of the internal conditions for wind tunnel in the current study are not exactly 

the same as Tsang et al’s (2012) experiment, even when the same 0.2 power law exponent of 

suburban boundary condition for the approaching turbulent wind flow was applied.  The 

detailed boundary condition of this study is given in Section 3.4. Furthermore, the external 

atmospheric conditions might not be the same for these two experiments which could cause 

differences between the wind environments.  

The calibrations were performed by installing a hotwire anemometer and an Irwin probe 

together inside the wind tunnel test section, at a same height of 10mm above the floor of the 

wind tunnel. Different wind speeds and turbulence intensities were given for drawing the 

relationship between pressure differences and wind speed. During this process, various wind 

speeds were generated by adjusting the fan from 1m/s to 4.5m/s with interval 0.5m/s; and 

turbulence intensities were created by setting a 300mm tall fence from 1m to 10m from the 

instrument at the upstream area. The reason of doing these is to produce the different wind 

environment.  The constants derived from equation (1) are presented below: 

α = 0.01,     β = 1.82 

The constants determined by Tsang et al. (2012) are α = 0.01, β = 1.66 for the same design of 

the Irwin Sensors. The difference between the Tsang et al (2012)’s and current calibrations is 

approximately 8% which is an acceptable value. The calibration results are shown below in 

Figure 3-11. 
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Figure 3-11. Wind speed vs calibration of stochastic selections of Irwin Sensors 

3.5.2.6 Mean wind speed distribution 

The mean wind speeds at pedestrian level were normalized by the reference mean wind speed 

( ) of the approach flow at z = 150m in prototype scale. The normalized mean wind speeds 

range from 0.0 to 1.0. As the mean wind speed distribution was used to allocate the low wind 

speed areas for air ventilation proposes, threshold wind speed was set be around 1 to 2m/s, 

which corresponds to the minimum noticeable wind speed for human. Using Hong Kong as 

an example, the mean wind speed at 150m is approximately 5 to 6m/s for 50% probability of 

occurrence. Consequently, the minimum noticeable normalized mean wind speed ( / ) is 

about 0.3. As a result, areas with the /  lower than 0.3, were defined as low wind speed 

zone. Correspondingly, the areas with /  higher than 0.3, were considered to be reasonably 

well ventilated.  
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3.5.2.6 Gust wind speed distribution 

The gust wind speeds at pedestrian level were normalized by the reference mean wind speed 

( ) of the approach flow at z = 150m in prototype scale. This was utilized to illustrate the 

discomfort areas caused by strong winds. So a threshold discomfort wind speed was set at 

10m/s for a probability of exceedance of 5%. The corresponding Ug/  is approximately 0.8. 

Therefore, areas with Ug/  higher than 0.8, were defined as discomfort zones. 

Correspondingly, areas with Ug/  lower than 0.8, were considered to be reasonably 

comfortable for human activities.  For simplicity and accuracy, the multiple extremes method 

was used to analysis the gust wind speed in this study. The sampling time is required to be 

more than 5 hours (full scale). The sample was divided evenly so that the divided samples 

can be regarded as multiple one-hour samples in repeated identical experiments. The gust 

wind speed was calculated by averaging the peaks from these one-hour samples.  

3.5.3 Pollutant dispersion Measurements 

For the traffic pollutant concentration wind tunnel experiment, SF6 was used as the tracer gas. 

SF6 is an inorganic, colourless, odourless, and non-flammable greenhouse gas. There are 

three experimental methods of releasing tracer gas: 

1) Decay/growth,  

2) Constant concentration  

3) Constant injection (ASHRAE Handbook-Fundamentals, 2009).  

The constant injection method, in which the tracer gas is released at a constant rate, was 

applied in the experiment. The mixture of 10% pure SF6 and 90% compressed air gas were 

mixed together through the gas divider, and then constantly injected via the flow meter at 

3LPM into the line source. The detailed line source design is provided in the next section.  
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3.5.3.1 Line Source Design and Locations 

Line sources are usually designed for presenting the vehicle exhausts along a street (Meroney 

1996). Since most vehicle exhausts are directed horizontally, vehicle exhaust is considered 

neutrally buoyant gas even for hot exhaust. The principles of the line source design are to 

reduce the vertical momentum and the deviation of concentration along the line source. 

Meanwhile, tracer gas emission from the line source should not be effected by the wind 

environment either, for instance, the wind direction and the wind speed.  

Two types of line source design are available in practice. One type is drilling regularly spaced 

holds in the pipes or tubes (Kitabayashi et al. 1977; Builtjes, 1984). Kitabayashi et al. (1977) 

drilled 2mm holes spaced at an interval of 1cm on a 1m long and 1cm thick tube which is 

placed above the street. To eliminate vertical lofting momentum, the holes are placed facing 

downwards. Builtjes (1984) changed the hole diameter and spacing to 1.5mm and 1.5cm 

respectively. However, Meroney et al. (1996) proposed the source was laterally 

inhomogenous in the near field due to the over-large spacing between holes. The other type 

of line source design is relatively more popular, which utilises plenum chambers for gas 

distribution beneath drilled plates or sintered porous metal plate (Murphy & Davies, 1988). 

Murphy & Davies (1988) investigated three prototype line source designs intensively. There 

are two chambers for the first source prototype. The tracer was injected into the primary 

chamber, then gas is delivered to the second chamber or many compartments through the 

holes drilled between the cambers. For the third prototype, the second chamber was also 

divided into four sections but with three holes in each section. Foams or other porous media 

were applied to fill the plenum chamber to prevent expanding pressure loss across the exit 

(Murphy & Davie, 1988). But this method is unable to create a laterally homogeneous flow. 
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The homogenous concentration and pressure drop across the street is enlarged by using 

porous materials (Meroney et al. 1996).   

Meroney et al (1996) found the key characteristic influencing the gas flow from the source is 

the pressure drop through the exhaust holes. Therefore, the line source design of Meroney et 

al’s (1996) was employed 25-mm long hypodermic needles 0.25mm in diameter to achieve 

high discharge pressure drop and a plenum-type linear source design by Kitabayashi et al. 

(1974). Smaller changes were also made individually to optimise the design. Klein et al. 

(1999) applied the same principle of Meroney et al’s (1997) line source design to their design. 

But Klein et al. (1999) modified their design for the line source to length Ls = 1.42m, 25-mm 

long outlet pipes 0.5mm in diameter. The distance between the pipes along the source was 

5mm and the distance between the each inlet port along the source was 10-cm. Both Meroney 

et al’s (1997) and Klein et al’s (1999) design were applied with a shelter of 10mm wide and 

2mm thick metal strips on top of the source outlets to laterally deflect the vertical momentum 

of large discharges. Therefore, potential flow disturbances could be minimized. The overall 

discharge rate was generally regulated by the wind tunnel airflow rate Qa as the tracer gas 

flow rate Qt from the line source was much smaller than the airflow rate Qa.  

The line source design adopted in this experiment was based on Meroney et al’s (1996) 

design. Line sources of the length Ls=780mm was equipped with 25mm long pipes with 

internal diameter 0.5mm. The distance between the pipes along the sources was 3mm. The 

pipes were integrated in a chamber. A mixture of air and tracer gas (SF6) was injecting 

through 16 inlet ports placed along the line source at 50mm spacings from each other. In 

order to avoid potential flow disturbances by relatively high gas discharge velocities at the 

pipe outlets, the source outlets were sheltered by 10mm wide and 2mm thick plastic strips 

that laterally deflected the vertical momentum of discharge. The distance between the outlets 
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and the stripes was 1mm. In this investigation, the tracer gas was injected through a flow 

meter at 3LPM into the line source first. Then it was released at 2.5mm model height above 

the tunnel ground level. The reason of choosing 2.5mm is because vehicle exhausts, 

specifically double-decker buses are approximately 0.5m in full scale. The dimensions of the 

chamber, the dimensions and distribution of tubing inside the chamber and the inlet ports, 

dimensions of the capping brass bar over the line source top have been illustrated clearly in 

Figure 3-12-- Figure 3-14.  

 

Figure 3-12. Cross section of individual trace gas injector  

 

Figure 3-13. Cross section of 255 tubes along the line source 
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Figure 3-14. Capping brass bar design over the top of the line source 

3.5.3.2 Measurement equipment 

The INNOVA Air Tech Instrument 1312 Photoacoustic Multi-gas Monitors and the 

Multipoint Sampler and Doser Type 1303 were used for collecting and analysing the gas 

measurements. For mixing the SF6 gas and compressed air, a gas divider was employed.  The 

monitoring system relied on the photoacoustic infrared detection method and operated 

directly via a notebook where data were displayed and stored. An INNOVA Instruments 

Application Software Type 7620 was used to co-ordinate and to control all the sampling and 

monitoring function from a notebook PC. The air samples collected from the sampling points 

are delivered into the multipoint sampler 1303 via tubing. These air samples were delivered 

to the Multi-gas monitor 1312 for analysis. In total, there were 6 measurement points that can 

continuously collect the data in sequence, each point took approximately 60 seconds to 

collect and analyse the data. Therefore, the long sampling periods was one of main issues to 

be considered for pollutant dispersion measurement. The detailed measurement layout for 

pollutant measurement for each different building configuration is given in the next section.  

3.5.3.3 Measurement layout 

As described in the earlier section, due to the time constraints, the number of pollutant 

measurement for each case is limited. In total, there were 18 measurements for singular 

building with and without lift-up design, 21 measurements for a row of building with and 

without lift-up design and podium building with and without lift-up design.  The line source 

was located upstream and downstream of the building respectively. Each measurement point 
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took approximately 60 seconds. In order to have a fully turbulent environment inside the 

wind tunnel, each measurement point was recorded at least 15 times. The reading from the 

analyser for each measurement point was compared. The difference between the 15 times 

reading and 20 times reading was within 5%. Consequently, 15 times reading was believed to 

be sufficient to show the concentration value for each measurement point is accurate. In order 

to illustrate how these measurement points are distributed, a plan view of pollutant 

measurement points for a singular building with and without the lift-up design when the line 

source was placed upstream and downstream of the building is given below. The remaining 

plan views for other cases are given in Appendix 1.  

 

Figure 3-15. Pressure distribution for podium buildings with or without lift-up design when 

line source lined upstream 

Line Source 

SB 
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Figure 3-16. Pressure distribution for podium buildings with or without lift-up design when 

line source lined downstream 

For these experiments, the concentration measurement for pollutant dispersion for singular 

building with and without the lift-up design took approximately 4.5 hours each excluding the 

time required for changing the measurement points. For the case with a row of building with 

and without the lift-up design, podium building with and without the lift-up design, the 

measurement periods required approximately 5.25 hours each.  

The measured concentrations at different locations were scaled using the form of non-

dimensional concentration Kc: 

Kc = CUHH
2
                                                     (3.16) 

SB 

Line Source 
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, where C is the measured mean concentration (ppm), UH is the mean wind speed (m/s) at 

building model height H (m) and Q is the volumetric flow rate of the tracer gas (ml/s). This 

scaling accounts fully for all aspects of plume dispersion at any scale, wind speed or source 

flow rate. 

3.6 Summary 

In this chapter, the methods that used to study pressure, flow and pollutant dispersion around 

singular building, a row of buildings and podium building (with and without lift-up design) 

have been presented. The fundamentals of these methods have been introduced. For this 

study, only the wind tunnel experiment method had been selected. The overall arrangement, 

measurement methods, measurement equipment and analysing methods are all described. The 

pressure, wind speed and pollutant concentration data will be discussed in detail in Chapters 

4, 5 and 6 respectively.  
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Chapter Four: Effects of natural ventilation potential by using the lift-up 

design 

4.1 Introduction  

Building ventilation is used as a means for controlling indoor air quality by diluting internal 

air contaminants with cleaner outdoor air. Building ventilation is also used as a tool to 

provide the thermal comfort for the occupancies. This is typically achieved by either direct or 

indirect cooling systems. Direct cooling of building interiors and occupants functions by 

replacing or diluting warm indoor air with cool outdoor air to enhance the convective 

transport of heat and moisture. Indirect cooling involves pre-cooling the thermal mass of the 

building fabric or a thermal storage system with coolnighttime outdoor air. Natural 

ventilation is the most energy efficient solution for ventilating a building, with the potential 

to reduce the energy cost compared to air conditioning. Natural ventilation potential (NVP) is 

defined as the possibility of ensuring an acceptable indoor air quality through natural 

ventilation only. Passive cooling potential (PCP) can also be defined as the possibility of 

ensuring an acceptable indoor thermal comfort in summer solely by using natural ventilation. 

Indoor air quality, thermal comfort and energy savings are three key objectives of natural 

ventilation in buildings. A number of factors should be carefully considered to ascertain 

whether natural ventilation can be implemented to achieve the ‘comfort’ requirements. For 

instance, outdoor air quality, outdoor air temperature and moisture, outdoor noise, local noise, 

local winds or global winds, urban structure, indoor pollutant sources, indoor heat sources 

and stored heat, indoor air quality requirements, position and size of ventilation openings, 

indoor temperature, orientation of building, internal air-path distribution etc.  
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There are two main driving forces of natural ventilation; one is wind driven natural 

ventilation, the other is buoyancy driven natural ventilation. Wind driven natural ventilation 

is governed by exposure to wind and can be calculated as a function of wind pressure. 

Pressure coefficients of wind driven natural ventilation are determined either experimentally, 

in the wind tunnels, or numerically, using computational fluid dynamics software. The 

driving wind pressure can be determined by the difference between inlet and exhaust wind 

pressure coefficients and the kinetic energy content of the approach wind velocity. The 

driving force of buoyancy natural ventilation is stack pressure, or pressure due to buoyancy. 

It is induced by density differences between the indoor and outdoor air and the height 

difference from the stack exhaust and the floor-level inlet location. If the internal air 

temperature is higher than the external air temperature, the air enters through the lower 

openings and goes out through the upper ones. Therefore, an upward flow is generated in the 

absence of wind. On the contrary, a downward flow is produced when the internal air 

temperature is lower than the external air temperature. The airflow can also be predicted if 

both openings are of the same area and same discharge coefficient. In this study, wind 

pressure coefficients for the building surfaces have been measured in the wind tunnel 

experiments (Germano and Roulet, 2006). Consequently, the emphasis on this study is wind 

driven natural ventilation.  In the past, numerous researchers have studied the natural 

ventilation on different types of buildings (Germano and Roulet, 2006; Orme, 1999; Yang et 

al., 2013; Faure and Demouge, 2013; Stavrakakis et al. 2008; Moonen et al., 2011; Yao et al., 

2009). A large majority of the publications on natural ventilation deal with its behaviour 

within a singular building, like single and multi-zone models, possibly coupled with thermal 

models (Orme, 1999). Yang et al. (2013) examined the micro-scale effect of urban form and 

density (of buildings and/or greenery) on outdoor ventilation potential, using empirical data 

from an extensive field measurement for a selected ten high-rise residential sites in inner-city 
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Shanghai. Wind velocity rate could increase 7 to 8% with 10% sky view factor arising.  A 

more strictly controlled experiment environment, ideally using a physical boundary wind 

tunnel is suggested for examining the effects of varying building densities. Faure and 

Demouge (2013) used a combined approach of OpentTurns software and a genetic algorithm 

to do sensitivity analyses between discharge coefficient and areas of internal door areas. A 

one-storey building has been used for this investigation. Stavrakakis et al. (2008) studied 

natural cross-ventilation experimentally and numerically for a test chamber with openings at 

non-symmetrical locations. It concludes natural cross-ventilation can provide well-mixed 

condition, leading to low temperature differences in the occupied zone and minimize local air 

draughts. However, no one has ever done any research on the influence of natural ventilation 

by ultilizing lift-up design yet.  

As discussed in previous chapters, there are three building configurations, each with and 

without the lift-up design have been investigated (Singular building, a row of buildings and 

podium building). The aims examined in this chapter are: 

6) To study the ventilation potential of singular building, a row of buildings and podium 

building. 

7) To investigate the ventilation potential of singular building, a row of buildings and 

podium building with lift-up design.  

8) To determine whether lift-up design can improve cross ventilation or not. 

4.2 Methodology 

Surface pressures were measured simultaneously by pressure taps (0.5mm diameter), which 

were mounted on the model and connected to 16-channel electronic pressure scanners 

manufactured by Pressure System Inc. The main control unit can manipulate and record the 

data sent from 32 Easterline miniature ESP-16HD electronic differential pressure transducers. 
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Each transducer has 16 measurement channels that are connected to a common reference 

which is atmospheric pressure. Fluctuating pressure signals for each channel can be recorded 

at sampling frequencies up to 1200Hz. Both the tubes and the pressure scanners were 

concealed within the building model and connected to the data acquisition system under the 

wind tunnel floor. This arrangement ensures that the tubes and scanners do not interference 

with the airflow in the wind tunnel. Equipment details and layouts for the pressure 

measurement points for different building configurations are given in Chapter 3.  

4.3 Results and Discussions 

4.3.1 Singular building with and without lift-up design 

When planning the pressure measurement points, only half of the building was installed with 

pressure taps. Since the flow should be symmetric about the vertical centreline of the building. 

In order to facilitate the discussion later, each façade has been illustrated in Figure 4-1. The 

layout of the pressure measurement points have only been distributed at the lower floors of 

the building. The purpose of this is to investigate the variation of the pressure distribution of 

the lower floor levels and the improvement of the ventilation potential by implementing the 

lift-up design. For singular building with and without lift-up design, only 7 floors of the 

lower part have been investigated in this study. 

 

 

 
A 

B 

C D 

Wind 
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Figure 4-1. Plan of pressure measurement locations for singular building with and without 

lift-up design 

 

a) Façade A-B for singular building 
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b) Façade A-B for singular building with lift-up design 

Figure 4-2. Pressure contours diagram for facade A-B for singular building with and without 

lift-up design 

 

a) Façade B-C for singular building 

Point A Point B 

Point B Point C 

E
lev

atio
n
 (m

) 

E
lev

atio
n
 (m

) 



95 

 

 

b) Façade B-C for singular building with lift-up design 

Figure 4-3. Pressure contours diagram for facade B-C for singular building with and without 

lift-up design 

 

a) Façade C-D for singular building 
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b) Façade C-D for singular building with lift-up design 

Figure 4-4. Pressure contours diagram for facade C-D for singular building with and without 

lift-up design 

When the approaching wind was normal to the façade A-B, only positive pressures were 

recorded for this façade. Conversely, only negative pressures occurred for façades B-C and 

C-D for singular building and singular building with lift-up design. This was due to the 

suction effect of the wind flow. Interestingly, with the lift-up design, the pressure distribution 

generally was much more varied for the façade B-C and façade C-D compared to the singular 

building without lift-up.  

For façade A-B, pressure coefficients appeared to be positive for most of the areas of singular 

building and singular building lift-up design. The highest pressure coefficient for singular 

building and singular building lift-up design was 0.70, which occured at the highest measured 

floor for both singular building and singular building lift-up design and also occurred at the 

lowest floor near point A for singular building. This implied the highest pressure coefficient 

was recorded at the centre of the windward façade of the singular building with and without 
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the lift-up design. In general, with the lift-up design for the singular building, the pressure 

coefficients were highest at the area near point A and progressively decreased towards point 

A, the corner of the building.  

For façade B-C, the pressure coefficients variations have increased from -0.55 to -0.80 for the 

singular building, to a range of -0.55 to -1.00 when the lift-up design was applied. The 

negative pressures for façade B-C increased slightly for the lift-up design, particularly at the 

lower floors of the building. This indicates that the lift-up design has some influence on the 

pressure distribution for the side facades of singular building or a slab of building, which are 

more prominent on the lower floors for the side facades.  

For façade C-D, the façade on the leeward side of the building, the negative pressures at 

corner point c remained relatively unchanged when compared to the lift-up design. When 

progressing along the façade towards point D – the centre of the leeward face, there is a 

general increase of negative pressures compared to the lift-up design. This is likely due to the 

stronger vortices and recirculation flow generated. 

Natural Ventilation Potential 

The natural ventilation potential is the possibility to ensure an acceptable indoor air quality 

by natural ventilation only. It hang on many conditions depending on the site (outdoor air 

quality, outdoor air temperature and moisture, outdoor noise, local winds or global wind and 

urban structure, etc.) or on the building (indoor pollutant sources, indoor heat sources and 

stored heat, indoor air quality requirements, position and size of ventilation openings, indoor 

temperature, orientation of building, internal air path distribution, etc). In the current study, 

the natural ventilation potential has been estimated by calculating the difference between the 

measurement point on the windward face and the corresponding point on the leeward face 

that is directly in line with the theoretical wind tunnel flow direction. For example, the 
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measurement point at A on third floor would correspond with point D also on third floor. The 

natural ventilation potential is interpreted from the pressure difference between the two. The 

greater the pressure difference, the greater the potential for natural ventilation.  

The following discussion presents the findings of the results for each pair of pressure 

measurement points and at every measured floor. Point A and D at the centre of the building 

are represented by point 1 and point 15 is at the left hand end of the building, corresponding 

with points B and C. 

 

Figure 4-5. Pressure difference distribution for singular building for different floors 
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Figure 4-6. Pressure difference distribution for singular building with Lift-up Design for 

different floors 

The pressure difference distributions for the SB are given in Figure 4-5 and pressure 

difference distribution for the SB with lift-up design was shown in Figure 4-6. In both cases, 

the largest pressure difference point occurs at the centre of the building which is at point 1; 

the lowest pressure difference point occurs at the corner of the building, point 15. Simply put, 

the greatest and least ventilation potential occurred at the centre and corner of the building 

respectively. On the lift-up design, the highest pressure difference point was found on the 

second floor, while the lowest pressure difference point was recorded on the fifth floor. 

Without the lift-up design, the highest pressure difference point was on the second floor, 

while the lowest pressure difference point was on the seventh floor.  

In terms of the general trend for all the measurement points, the highest pressure differences 

for singular building were on the first floor. The second highest pressure differences were on 

the second floor. But interestingly, the smallest pressure differences occurred at floor four for 

singular building. With the lift-up design, seventh floor had the lowest pressure differences, 
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while third floor had the highest pressure differences. In the lift-up design, the air can flow 

through the lift-up zone, the positive pressures for the lower two floors reduce. Consequently, 

the highest pressure differences for all the measurement points switch from the first floor to 

the third floor when the lift-up design is implemented. In order to have a better understanding 

of how the lift-up design affects ventilation potential on the singular building, a direct 

comparison for different floors was conducted and presented below.  

 

a) 1
st
 Floor SB vs SB Lift-up Design 
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b) 2
nd

 Floor SB vs SB Lift-up design 

 

c) 3
rd

 Floor SB vs SB Lift-up Design 
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d) 4
th

 Floor SB vs SB Lift-up Design 

 

e) 5
th

 Floor SB vs SB Lift-up Design 
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f) 6
th

 Floor SB vs SB Lift-up Design 

 

g) 7
th

 Floor SB vs SB Lift-up Design 

Figure 4-7 Pressure differences for different floors of singular building with and without lift-

up design 
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Ventilation potential for different floors of the singular buildings with and without lift-up 

design are illustrated in Figure 4-7. It suggests that ventilation potential had been enhanced 

from 2
nd

 to 5
th

 floor with the lift-up design for singular building. This could be due to the 

greater negative pressure that was generated by the lift-up design for the leeward façade. 

When the air is able to flow through the lift-up area, some air also flows downwards on the 

leeward face and results in forming recirculation vortices. As the wind approaches normal to 

the building, some of the wind flows around the building, which also generates recirculation 

vortices as well. When two vortices meet each other, even lower negative pressures are 

resulted.  

Ventilation potential change was less noticeable for 1
st
 and 6

th
 floor for the singular building 

with lift-up design. Interestingly, the singular building with lift-up design definitely was not 

helpful for 7
th

 floor ventilation potential, which had actually decreased. The reason that 

ventilation potential decreases along the height of a building is because the approaching wind 

is split into two flows when the lift-up design is used. One is flowing across the lift-up area 

and the other flow is across the building height. As the measurement points are only located 

at the lower part of the building the 7
th

 floor is about half of the singular building height. 

Consequently, the positive pressure at the windward façade decreases at the 6
th

 or 7
th

 floor. 

So the pressure difference is less and the ventilation potential is reduced on the higher floors. 

It is concluded that the lift-up design is helpful for improving the ventilation potential for the 

occupancies in the lower floors of a cluster of building or a slab of building. But its 

effectiveness is less noticeable for the 1
st
 floor or floors above 6

th
 in this case. For higher 

floors, it may reduce ventilation potential.  
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4.3.2 A row of buildings with and without lift-up design 

4.3.2.1 Surface pressure distribution 

As in section 4.3.1, only half of the building structure had been considered by assuming the 

flow is symmetric for both sides. There are four building blocks for the case of a row of 

buildings. Consequently, the pressure measurements were conducted on two adjacent 

building blocks. In order to facilitate the discussion, each façade for these two buildings has 

been illustrated in Figure 4-8. The building on the left hand side is labelled RB1 and the right 

one labelled RB2.  

The layout of the pressure measurement points have only been distributed at the lower floors 

of the building. The purpose of doing this was to investigate the variation of the pressure 

distribution of the lower floor levels and the improvement of the ventilation potential by 

implementing the lift-up design. Only the bottom six floors of both building had been 

measured in this study. 

 

 

Figure 4-8. Plan of pressure measurement for a row of buildings with and without lift-up 

design 
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a) Façade A-B for RB 1 

 

b) Façade A-B for RB 1 with lift-up 

design 

 

c) Façade B-D for RB 1 

 

d) Façade B-D for RB 1 with lift-up design 

 

e) Façade D-C for RB1 

 

f) Façade D-C for RB1 with lift-up design 
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g) Façade C-A for RB1 

 

h) Façade C-A for RB1 with lift-up design 

Figure 4-9. Pressure contour diagram for RB1 for a row of buildings with and without lift-up 

design 

 

a) Façade E-F for RB 2 

 

b)Façade E-F for RB2 with lift-up design 

 

c)Façade F-H for RB 2 

 

d) Façade F-H for RB2 with lift-up design 
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e) Façade H-G for RB 2 

 

f) Façade H-G for RB 2 with lift-up design 

  

g) Façade G-E for RB 2 

 

h) Façade G-E for RB 2 with lift-up design 

Figure 4-10. Pressure contours diagrams for RB2 for a row of buildings with and without lift-

up design 

The approaching wind was perpendicular to façade C-A and G-E for RB1 and RB2. 

According to Figure 4-8 , these two facades were the windward façades. High positive 

pressures occurred at the centre part and negative pressure happened at both side of the 

façade C-A for RB1. Positive pressures ranged from 0.20 to 0.60; negative pressures were 

from -0.20 to -1.20. However, for RB1 with the lift-up design, all the pressure coefficients 

had become positive varying from 0.25 to 0.55. Similar phenomena could also be noticed for 

façade G-E for RB2 with or without lift-up design. With the non-lift-up design, positive 
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pressures dropped from 0.10 to 0.20 and negative pressures were from -0.10 to -1.00. With 

the lift-up design, positive pressure varied from 0.20 to 0.60. Therefore, RB2 had both lower 

positive pressure and negative pressure compared to RB1. RB1 with lift-up design achieved 

slightly higher positive pressure than RB2 with lift-up design.  

Façade A-B and D-C were the side facades for RB1; façade E-F and H-G were the side 

façades for RB2. As before, with the lift-up design, pressure contours were much more 

complicated compared to the one without the lift-up design. For façade A-B for RB1, the 

pressure varied from -0.60 to -1.00 and increased to the range of -0.60 to -1.40 with lift-up 

design. The highest negative pressure was generated near to point A. Without the lift-up 

design, the highest negative pressure occurred at the highest floor of point A, but it changed 

to the lower floor of point A with the lift-up design. Pressure coefficients varied from -0.20 to 

-0.70 for façade E-F for RB2 and to the range of -0.40 to -1.60 for the same façade but with 

the lift-up design. For façade D-C for RB1, the pressure varied from -0.50 to -0.90, but 

changed to the range of -0.20 to -1.20 with the lift-up design. For façade H-G for RB2, the 

pressure varied from -0.50 to -0.90. It changed to a greater negative pressure range of -0.40 to 

-1.40 when lift-up design was utilized for RB2. But interestingly, some positive pressure was 

generated near to point C for façade D-C with the lift-up design for RB1 and near to point G 

for façade H-G with the lift-up design for RB2.  

Façade B-D and F-H are the leeward façade for RB1 and RB2 with and without lift-up design. 

Without the lift-up design, only part of the negative pressure occurred at both sides of façade 

B-D for RB1, which varied from -0.20 to -1.00. But the central part of façade B-D recorded 

positive pressures up to 0.40. Similar pressure patterns could also be observed for the façade 

F-H on RB2. But the negative and positive pressures were much lower compared to RB1, 

which are in the range of -0.10 to -0.40 and 0.10 to 0.20 respectively. With the lift-up design, 
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only negative pressure were generated at the leeward façade of RB1 with the lift-up design, 

which was in the range of -0.60 to -1.20. The highest negative pressure occurred at the centre 

of the façade B-D. The leeward façade F-H also had a much lower negative pressure range, 

which was from -0.50 to -0.80. 

In conclusion, the pressure pattern for the lower part of the building for RB1 and RB2 were 

similar, but the values were slightly different. For the windward side for RB1 and RB2 alone, 

only some positive pressure was generated at the centre for the façade, but the remaining 

areas were negative. With the lift-up design, positive pressure was recorded for the entire 

façade. For the leeward façade for RB1 and RB2 with or without the lift-up design, only 

negative pressures were generated. But with the lift-up design, it could help to reduce the 

negative pressure to a lower level and some positive pressure could be produced at the centre 

of the façade. For the side facades, lift-up design could help to moderate the negative 

pressure to a much lower level.  

4.3.2.2 Natural Ventilation Potential 

The following discussion presents the findings of the results for each pair of pressure 

measurement points and at every measured floor. Point A and B at the left side of the 

building RB1 are represented by point 1 and point 9 is at the right hand end of the building, 

corresponding with points C and D. Point E and F at the left side of the building RB2 are 

represented by point 1 and point 9 is at the right hand end of the building, corresponding with 

points G and H. 
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Figure 4-11. Pressure difference distribution for RB1 for different floors 

 

Figure 4-12. Pressure difference distribution for RB1 with lift-up design for different floors 
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Figure 4-13. Pressure difference distribution for RB2 for different floors 

 

Figure 4-14. Pressure difference distribution for RB2 with lift-up design for different floors 

Pressure difference distribution for RB1 and RB2 are given in Figure 4-11 and Figure 4-12 

and pressure difference distribution for RB1 and RB2 with lift-up design are shown in Figure 
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4-13 and Figure 4-14. With the lift-up design, the highest pressure difference point for RB1 

was found on the first floor, while the lowest pressure difference point for RB1 was on the 

second floor. Without the lift-up design, the highest pressure difference point for RB1 was on 

the fifth floor, while the lowest pressure difference point for RB1 was on the first floor. But 

with the lift-up design, the highest pressure difference point for RB2 was on the first floor, 

while the lowest pressure difference point for RB2 was on the fourth floor. Without the lift-

up design, the highest pressure difference point for RB2 was on the fourth floor, while the 

lowest pressure difference point for RB2 was on the third floor. 

 

a) 1
st
 Floor RB1 vs RB1 Lift-up Design  
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b) 2
nd

 Floor RB1 vs RB1 Lift-up Design 

 

c) 3
rd

 Floor RB1 vs RB Lift-up Design 
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d) 4
th

 Floor RB1 vs RB1 Lift-up Design 

 

e) 5
th

 Floor RB1 vs RB1 Lift-up Design 
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f) 6
th 

Floor RB1 vs RB1 Lift-up Design 

Figure 4-15. Pressure differences for different floors of RB1 with and without lift-up design 

 

a) 1
st
 Floor RB2 vs RB2 Lift-up Design 
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b) 2
nd

 RB2 vs RB2 Lift-up Design 

 

c) 3
rd

 Floor RB2 vs RB2 Lift-up Design 
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d) 4
th

 Floor RB2 vs RB2 Lift-up Design 

 

e) 5
th

 Floor RB2 vs RB2 Lift-up 
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f) 6
th

 Floor RB2 vs RB2 Lift-up Design 

Figure 4-16. Pressure differences for different floors of RB2 with and without lift-up design 

Pressure differences for different floors of RB1 with and without the lift-up design is given in 

Figure 4-15. Pressure differences for different floors of RB2 with and without the lift-up 

design is shown in Figure 4-16. It was found that utilizing the lift-up design could increase 

the pressure differences between the windward and leeward façade, which means that the 

ventilation potential for all the floors for RB1 and RB2 could be raised by utilizing lift-up 

design. But the ventilation potential of the central part of RB1 slightly decreased with the lift-

up design. RB2 with lift-up could increase more pressure differences than RB1 with lift-up. 

Consequently, cross ventilation for different floors of RB2 could rise more than RB1 when 

the lift-up design was applied. Comparing the increase of cross ventilation of different floors 

between RB1 with and without the lift-up design, ventilation potential appears similar, but 

the lower floors generally had higher ventilation potential than the higher floors. Similar 

characteristics could also be observed for RB2 with or without lift-up. It can be concluded 
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that the lift-up design can increase the cross ventilation for occupants inside a row of 

buildings, more enhanced effects were observed for lower floors and the central two 

buildings in a row of building.  

4.3.3 Podium building with and without lift-up design 

As in sections 4.3.1 and 4.3.2, only half of the building structure had been considered by 

assuming the flow was symmetric for both sides. In order to facilitate the discussion later, 

each façade for this building has also been illustrated in Figure 4-17. The pressure 

measurements were only carried out on the lower part of the podium level rather than on the 

four buildings erected on top of the podium. The purpose for doing this was to investigate the 

variation of the pressure distributions of the lower floor levels and the possible improvement 

of the ventilation potential by implementing the lift-up design. Only the bottom seven floors 

of both buildings have been investigated for this section of study. 

 

 

 

Figure 4-17. Plan view of pressure coefficient distribution for PB  

A B 

C 
D 

Wind 
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a) Façade A-B for Podium Building only 

 

b) Façade A-B for Podium Building with lift-up design 

Figure 4-18. Pressure contour diagram for facade A-B for podium building with and without 

lift-up design 

On façade A-B, the measured pressure coefficients were generally positive for most of the 

areas of the PB and PB with lift-up design. The highest pressure coefficient for the PB and 

PB with lift-up design was 0.40. Yet the area for positive pressure coefficient was larger for 

PB with lift-up design compared to the PB only.  The lowest pressure coefficient for PB was -

0.30, but the lowest pressure coefficient for PB lift-up was decreased to -0.40. Negative 

pressures normally occurred at the corner near to the façade B-C. And the area of the 

negative pressure coefficient for façade A-B reduced for PB with lift-up design compared to 

PB.  
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c) Façade B-C for Podium Building only 

 

d) Façade B-C for Podium Building with lift-up design 

Figure 4-19. Pressure contour diagram for facade B-C for singular building with and without 

lift-up design 

On façade B-C, the PB pressure coefficients varied from -0.50 to -1.20. However, these 

deviated from -0.50 to -1.40 with the lift-up design. Therefore, with the lift-up design, the 

negative pressure coefficients on the side façade increased, particularly at the lower floors 

near to point B.  
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e) Façade C-D for Podium Building only 

 

f) Façade C-D for Podium Building with lift-up design 

Figure 4-20. Pressure contour diagram for facade C-D for singular building with and without 

lift-up design 

Generally speaking, the pressure coefficients were all negative for façade C-D. Without 

the lift-up design, negative pressures ranged from -0.60 to -1.00 and varied from -0.80 to 

0.90 with the lift-up design. The lift-up design increased the negative pressures at the 

upper and lower floors near to point D, whereas the negative pressures decreased at the 

upper and lower floors near to point C. The negative pressures were also remarkably 

consistent across the entire façade C-D with the lift-up design. 
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Figure 4-21. Pressure difference distribution for podium building for different floors 

 

Figure 4-22. Pressure difference distribution for podium building with lift-up design for 

different floors 
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The pressure difference distribution for the PB are given in Figure 4-21 and pressure 

difference distribution for the PB with lift-up design was shown in Figure 4-22. Generally 

speaking, the largest pressure difference point occurred near to the centre of the building 

where was near to point 1. The lowest pressure difference point was recorded at the corner of 

the building, which was at point 93.75. Simply put, the largest and lowest ventilation 

potential occurred near to the centre and at the corner of the building respectively. With the 

lift-up design, the highest pressure difference point was found on the first floor, while the 

lowest pressure difference point was found on the seventh floor. Without the lift-up design, 

the highest pressure difference point was on the seventh floor, while the lowest pressure 

difference point was on the fourth floor.  

In terms of the general trend for all the measurement points, the highest pressure differences 

for the podium building were on the sixth floor. The second highest pressure differences were 

on the seventh floor. But interestingly, the pressure differences for first and second floor 

fluctuated dramatically along the measurement points. The smallest pressure differences 

occurred at floor third for podium building. With the lift-up design, the seventh floor showed 

the lowest pressure differences, while first floor displayed the highest pressure differences. 

Without the lift-up design, some blocking effects were found in front of the podium. The 

higher the floors were, the higher the cross ventilation potential of those floors.  With the lift-

up design, air can flow through the lift-up area. The vortices at the leeward face of the 

building could be reduced. So the negative pressures at the back the podium building 

decreased. In order to have a better understanding of how the lift-up design affects façade 

pressures on the podium building, a direct comparison for different floors are presented 

below. Pressure differences of podium building with and without the lift-up design for 
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different floors have been compared to determine whether the lift-up design can induce better 

cross ventilation for the lower levels of the podium building. 

 

a) 1
st
 Floor PB vs PB Lift-up Design 

 

b) 2
nd

 Floor PB vs PB Lift-up Design 
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c) 3
rd

 Floor PB vs PB Lift-up Design 

 

d) 4
th

 Floor PB vs PB Lift-up Design 
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e) 5
th

 Floor PB vs PB Lift-up Design 

 

f) 6
th

 Floor PB vs PB Lift-up Design 
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g) 7
th

 Floor PB vs PB Lift-up Design 

Figure 4-23. Pressure differences for different floors of podium building with and without 

lift-up design 

Ventilation potential for different floors of podium building are shown in Figure 4-23. The 

increase is more obvious for 1
st
 to 4

th
 floors when lift-up design was employed for the 

podium building. But ventilation potential was not improved for 5
th

 to 7
th

 floor when lift-up 

design was implemented. 

4.4 Summary 

In summary, the ventilation potential of the lower floors of the singular building, a row of 

buildings and the podium building with or without lift-up design has been evaluated. For the 

natural ventilation potential section, the current results are only for a single building block, if 

this building block is located in a dense city, the natural ventilation potential will be affected 

as the approaching wind is much smaller. But it can provide more natural ventilation 

potential when lift-up design is used.  
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With the lift-up design for the singular building, the pressure coefficients reduced at the area 

near to point A and increased at the area near to point B. The lift-up design has some 

influences on the pressure distribution for the side facades of the singular building or a slab of 

building, particularly the lower floors. The nearer to the building centre for the leeward 

façade, the more dramatic the increase of the negative pressures were found when lift-up 

design was implemented. The highest cross ventilation potential for the singular building was 

found on the first floor, while the smallest cross ventilation occurred at floor four for singular 

building. With the lift-up design, seventh floor had the lowest cross ventilation, while third 

floor had the highest cross ventilation. The lift-up design was helpful for the ventilation 

potential of the lower floors of a cluster of buildings or a slab of building. But its 

effectiveness is less noticeable for the 1
st
 floor or slightly higher floor. For higher floors, 

ventilation potential was adversely affected.  

The pressure patterns for the lower part of the building for RB1 and RB2 were similar. On the 

windward side for RB1 and RB2 alone, there were some positive pressures generated at the 

centre of the facades, but the remaining facades were negative. With the lift-up design, 

positive pressures were recorded on the entire façade. RB2 had both lower positive pressures 

and negative pressures compared to RB1. RB1 with the lift-up design achieved slightly 

higher positive pressure than RB2 with the lift-up design. For the side faces, some positive 

pressures were recorded near to point C for façade D-C with the lift-up design for RB1 and 

near to point G for façade H-G with the lift-up design for RB2. With the lift-up design, it 

helped to reduce the negative pressures to a lower level and some positive pressures were 

generated at the centre of the leeward façade. The ventilation potential for all the measured 

floors for RB1 and RB2 could be raised by utilizing the lift-up design. But the ventilation 
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potential of the central part of RB1 slightly decreased with the lift-up design than RB1 alone. 

RB2 with lift-up increased more pressure differences of different floors than RB1 with lift-up. 

According to this study, it has observed that the RB with the lift-up design is the building 

configuration that produces the greatest cross ventilation potential of all three building 

configurations.  

The area of positive pressure coefficient was larger for the PB with lift-up design compared 

to the PB only. The negative pressure values were higher for the PB with the lift-up design, 

but the area of negative pressures was smaller when the lift-up design is applied. With the 

lift-up design, the negative pressure coefficients for the side façade increased more at the 

lower floors near to point B. The lift-up design decreased the negative pressure at the upper 

and lower floors near to centre of the building of the leeward façade. But it increased the 

negative pressures at the upper and lower floors near to point C of the leeward façade. The 

highest pressure differences for the podium building were found on the sixth floor. The 

smallest pressure differences occurred at third floor for the podium building. With the lift-up 

design, seventh floor had the lowest pressure differences, while first floor had the highest 

pressure differences. Ventilation potential increases were more obvious for 1
st
 to 4

th
 floors 

when lift-up design was employed for podium building. But ventilation potential did not 

improve for 5
th

 to 7
th

 floor with the lift-up design.  
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Chapter Five: Effects of building lift-up design on pedestrian wind 

environment 

5.1  Introduction 

Urban renewal is significant for many metropolises around the world. It is also a sustainable 

way of developing the community in terms of using land and infrastructure effectively. But 

constructing a new building will always affect the microclimate within its surrounding area, 

especially building some high-rise buildings inside the closely packed old areas. This can 

lead to low airflow or poor outdoor ventilation around the building blocks, which can 

negatively influence pollutant dispersion in the surroundings, indoor air quality and even 

increase risks of airborne transmission of infectious diseases.  In recent years, emissions from 

vehicle exhaust have become one of the major urban air pollutions due to the dramatic 

growth of vehicle population despite significant improvements in fuel and engine technology 

(Vardoulakis et al, 2003). There are more than 100 types of harmful substances emitted from 

vehicular exhausts, such as tiny suspended particles (particulate matter), carbon monoxide 

(CO), nitrogen oxides (NOx), sulphur dioxide (SOx), hydrocarbons (HC), formaldehyde, 

benzene, lead etc. High concentrations of these pollutants due to ventilation stagnant or slow 

air movement area can exacerbate the harmful effects on the health of urban inhabitants. 

Conversely, high winds speeds can also be encountered in densely built up areas that can 

introduce discomfort or danger, such as flying debris or knocking over pedestrians. After the 

severe acute respiratory syndrome (SARS) epidemic hit Hong Kong in 2003 and the recent 

bouts of swine flu, awareness of wind environment and pollutant dispersion has been raised, 

especially in those environments with significant alterations by new constructions where 

either poor ventilation or strong wind concerns have been reported from the communities 
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(HKSAR Building Department, 2004). But maintaining the optimum air flow rate within a 

complex urban environment is always a challenge to achieve and quantify. Different 

buildings and urban designs can dramatically influence the wind environment but a balanced 

and satisfactory urban wind environment should be achievable through the effective planning 

and analysis of the designs.  

The air flow patterns at pedestrian level around buildings and in particular, high-rise 

buildings, are generally complex. Although the wind environment has been investigated from 

the 1960s, Blocken and Carmeliet (2004) found that most of the studies conducted in the 

Wind Engineering community were mostly for investigating the numerous wind comfort 

criteria (Davenport, 1972, Hunt et al., 1976, Isyumov and Davenport, 1975, Lawson, 1973, 

Lawson, 1975, Lawson and Penwarden, 1975, Lawson, 1990, Melbourne, 1978, Penwarden, 

1973, Penwarden and Wise, 1975, Tsang et al., 2012). With only a few studies focusing on 

the pedestrian level low wind speed and discomfort wind environment (Tsang et al., 2012) for 

different building designs. Buildings with the lift-up design have been particularly 

overlooked. But this kind of design is very common in dense metropolises such as Hong 

Kong. The majority of the city’s large residential and retail developments have bus stops 

located underneath of the high-rise buildings. Pedestrian routes in and around these 

developments are inevitable which make these lift-up building designs an important and 

necessary area of investigation for future planning.  

This research work studies three tall building configurations; singular building (SB), a row of 

buildings (RB) and a row of building with podium (PB). These were selected from a number 

of building designs that resulted in the lowest wind speed zones, identified in a previous 

study by Tsang et al. (2012).  A 3.5m lift-up in prototype scale was added to each of the three 
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configurations producing three lift-up designs for comparison with the original designs. The 

purposes of this research are: 

• To study the pedestrian level wind environment around three kinds of building 

configurations with and without lift-up designs. 

• To assess the potential improvement of low wind speed zone at the pedestrian level by 

lift-up design.  

• To discover the discomfort zone at the pedestrian level of these different building 

types and to research whether the lift-up design can exacerbate the discomfort area.  

5.2  Research Methodologies 

More than 200 Irwin probes have been used to measure the mean and simultaneous wind 

speed at the pedestrian level at the same time which is 2m in prototype size. The detailed 

measurement equipment and procedures, please refer back to Chapter two.  

5.3  Results and Discussion 

Tsang et al’s (2012) work investigated pedestrian level winds with emphases on the features 

and impacts of low speed winds over a large extent of areas downstream of the modern 

building configurations (i.e. singular building, a row of buildings, podium building). Effects 

on pedestrian comfort under strong wind conditions were also examined. In the current study, 

all these investigations have been reproduced. Meanwhile, low wind speed and gust wind 

speed for the selected modern configurations from Tsang et al’s (2012) with the lift-up design 

had also been provided in this study. The results between the lift-up design and non-lift-up 

design had been compared.  
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5.3.1 Pedestrian mean wind conditions 

An average wind flow can be represented by an average or mean wind speed with an 

averaging time, such as 10 min or an hour. However, the gust wind typically measures with 

an averaging period of 2 to 3 seconds. For maintaining a good naturally ventilated 

environment, an average wind flow is a more appropriate measure. Consequently, in this 

study, mean wind speeds were used to characterize the low wind speed zones where 

inadequate or poor air ventilation may occur due to insufficient available winds or the wind 

blocking effects by obstacles. Mean wind speed at pedestrian level at any interested point was 

normalized by the reference mean wind speed of the approach flow at 150m in prototype 

scale. The normalized mean wind speed (U/Ur) was applied due to its ability to readily 

incorporate a particular wind climate to determine the statistics of wind speeds, in terms of 

magnitude and probability of occurrence. For instance, in Hong Kong, the mean wind speed 

at 150m is around 5m/s to 6m/s for 50% probability of exceedance (Irwin et al. 1969).  The 

minimum wind speed for human at the pedestrian level is around 1.5m/s in order to achieve 

thermal comfort or pollutant dispersion (Lawson & Penwarden, 1975). This means a 

normalized mean wind speed (U/Ur) around 0.3, and areas with U/Ur lower than 0.3 can be 

designated as low wind speed zones (LWS), which is unfavourable for maintaining a good 

natural ventilation environment. On the other hand, the gust wind is a more representative 

measure for the pedestrian discomfort caused by overspeed wind. High speed steady winds 

and instantaneous strong winds are both important elements for pedestrian comfort under 

strong wind conditions.  
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5.3.1.1 Mean wind speed pattern of SB, RB and PB with and without lift-up design 

 

a) Singular Building 

 

b) Singular Building 

with Lift-up 

 

 

 

 

 

c) Row of 

Buildings 

 

d) A Row of Buildings 

with Lift-up 

   

e) Podium Building 

 

f) Podium Building with 

Lift-up 

Figure. 5-1. Distribution of the normalized mean wind speed with and without lift-up design 

for different building configurations 
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The general features of the normalized mean wind speed distribution of singular building, a 

row of buildings and podium building without 3.5m height lift-up design are shown in Figure. 

5-1a), Figure. 5-1c) and Figure. 5-1e) respectively. On aggregate, there are four low wind 

speed zones for these three building configurations with or without the lift-up design: an 

upstream far-field low wind speed (UFLWS) zones; an upstream near-field low wind speed 

(UNLWS) zones; a downstream near-field low wind speed (DNLWS) zone and a 

downstream far-field low wind speed (DFLWS) zone (Tsang et al, 2012). In all these figures, 

the normalized pedestrian-level mean wind speed distribution (U/Ur) ranges from 0.0 to 1.0. 

The normalized mean wind speeds is approximately 0.5 when no building is installed. 

Reasonable threshold values for outdoor wind comfort and air ventilation purpose are from 

0.3 to 0.8. Areas with the normalized mean wind speed lower than 0.3, illustrated in dark-

blue in the Figures are designated as low wind speed zones, which is equivalent to mean wind 

speeds roughly 1 to 2m/s for an annual probability of exceedance of 50% in an environment 

like Hong Kong.  

For the building configurations without the lift-up design, the wind hits the windward façade 

of the building and a downwash flow is generated. This downwash effects on the windward 

face of the building can form the UFLWS zone. It also results in a revised flow in front of the 

building at pedestrian level, approximately along the centreline upstream of the building. 

When the two opposing windward and backflows encounter each other, a low wind speed 

zone is created at the upstream of buildings. The UNLWS zone is located at the stagnant area 

bounded by the ground and the windward face of the building. In terms of wake flow for non-

lift-up design, recirculation due to building blockage is occurring in the downwind near-field 

which generates the rotational flow that induces the formation of vortices. This is indicated 

by the low pressure zone on the leeward side of the building, caused by both the horizontal 
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and the vertical recirculation. This poor ventilation zone is called the DNLWS zone. As for 

the downwind far-field area, the observed low wind speed zone is due to the reattachment of 

vertical recirculation behind the building and strength of the horizontal recirculation. This 

low wind speed zone is addressed as the DFLWS zone. All these types of flow features had 

already been identified in Tsang et al’s study (2012). In the current study, these results can be 

well reproduced.   

The general patterns of the normalized mean wind speed distribution of a singular building, a 

row of buildings and podium building with 3.5m height lift-up design are provided in Figure. 

5-1b), Figure. 5-1d) and Figure. 5-1f) respectively. On the whole, the low or poor ventilation 

situation of the upstream near-field has been improved due to 3.5m lift-up areas underneath. 

This is because part of the downwash and the approaching wind can flow through the lift-up 

area of the buildings that can reduce blocking of the flow. Consequently less backflow wind 

and approaching wind meets in front of the building at the pedestrian level. But the natural 

ventilation for the UNLWS zone is getting larger for a row of buildings with the lift-up 

design. A reduction of wind speeds at the far-field upstream is observed for all the lift-up 

buildings. This is likely due to the increased downwash effects because the lift-up design 

increased the building height by 3.5m. From Figure. 5-1, it can be noted that the largest 

UNLWS and UFLWS zones are RB with lift-up, and take up 2/3 of the upstream area right in 

front of the buildings. By contrast, singular building with lift-up design for has the minimum 

low wind speed area among the three.  

In the downstream area, it is found that the singular building with lift-up can not only 

improve air flow for the surrounding area of the building, but also significantly shorten the 

length of the wake flow.  A row of buildings with the lift-up design also remarkably reduces 

the size of the DNLWS zone. But only slightly diminishes the DFLWS area. Contrarily, 



139 

 

although these effects can still be identified for the DNLWS zone for podium building with 

lift-up design, area for the DFLWS zone is getting even larger. This can be attributed to 

stronger horseshoe vortices, created by the stronger downwash which covered around the 

building and strengthened right behind the building. Therefore, the DFLWS zone for all these 

three building configurations with the lift-up is smaller. Despite there being three to four 

central cores for these three building configurations, mean wind speeds at the pedestrian level 

of the underneath part of the building with the lift-up design are all higher than 0.3.   

5.3.1.2 Improvement of mean wind speed distribution with lift-up design 

In order to better illustrate the improvement of wind distribution at the pedestrian level with 

lift-up design, the ground area is separated into eight different zones. This enables simpler 

and more direct comparisons between the non-lift-up design and lift-up design. One of the 

key criteria of splitting these zones is based on the building width (b). But splitting the 

podium building, it depends on the podium width (b) for podium building. The detailed 

separation is illustrated below in Figure. 5-2.  
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Figure. 5-2. Eight different zones for pedestrian wind speed measurement 

Mean wind speed for these eight different zones for singular building, a row of buildings and 

podium building with and without lift-up design are presented in Figure. 5-3a) to Figure. 

5-3c). They all show lower mean wind speeds for the upstream areas in all buildings 

configurations with the lift-up. Whereas mean wind speeds are consistently higher in the 

remaining seven areas of singular building with the lift-up design. The rising percentages of 

the mean wind speed are from 4% to 10%. This suggests that urban planners and/or buildings 

architects can improve ventilation in ground level public areas by introducing the lift-up 

design for singular buildings. This can benefit public and communal facilities such as 

playgrounds, parks, car parks, swimming pool, etc. Those facilities would see improved 

ventilation if placed in any of the areas except for zone A or at least a building width away 

from the building to account for changing wind directions.  

Side Larger than 

5W (Zone E1) 

Downstream Larger 

than 5W (Zone E2) 

Downstream 

5W (Zone D2) 

Downstream 2.5W (Zone C2) 

Buildings 

Side 5W 

(Zone D1) 

Side 2.5W (Zone C1) 

Side (Zone B) 

Upstream (Zone A) 
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For the row of buildings, Zone A results show a very marginal increase in wind speed of 1% 

whereas zone B shows no change, and all the remaining zones show increased mean wind 

speeds with the lift-up. The percentage increase of the mean wind speed range from 3% to 

11%. Consequently, similar to the singular lift-up building, public facilities located in areas 

other than zone A or B would see improved natural ventilation.  

The mean wind speed results for the podium buildings are much more variable with a similar 

number of zones showing increases as decreases. For the downstream areas, normalized mean 

wind speed has been improved 4% for the lift-up design at zone F, whereas airflow is reduced 

at zones D2 and E2. This is contrasted by improved air flow down the side parts of the 

building, particular at zone B which has the best improvement a. Zone C shows a significant 

reduction in wind speed with the lift-up design. Therefore, areas of public congregation 

located in zones B, D, E1 and C2 will see improved ventilation if a lift-up design is introduced. 

Zone B exhibits the most enhanced wind as it improves approximately 30% with the lift-up 

design. 

 

a). Singular building with and without lift-up design  
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b). A row of buildings with and without lift-up design 

 

c). Podium building with and without lift-up design 

Figure. 5-3. Normalized wind speed distribution for different zones for different building 

configurations 
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5.3.1.3 Measurements underneath the buildings with lift-up design 

A limited number of measurement probes have been employed for the singular building and 

podium building with lift-up designs, while no wind speeds were measured underneath of a 

row of buildings with lift-up design, which are occupied by the large central cores (Table 1).  

The two wind speed measurement points are located right beneath singular building. Probe 

031 is between two central cores and the other probe 071 is on the other side of one of the 

central cores. Plan of measurement points underneath singular building is giving in Figure 

5-4a). The normalized wind speeds in these two points are about 0.9, indicating relatively 

high speed.  

The normalized mean wind speeds underneath the podium building with lift-up design are 

shown in Figure. 5-b). 20 measurement points under the podium building are provided in 

Figure. 5-a). Most of the normalized mean wind velocity beneath the building is from 0.4 to 

1.2. Only four measuring points show the normalized a mean wind velocity of under 0.4. 

Therefore, most of these areas exceed the low wind speed zone classification. These results 

all confirm that the open ground floor has a good wind velocity. 

 

Figure 5-4a). The two measurement points underneath the singular building 
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Figure. 5-5b). Normalized mean wind speeds at the two points beneath the singular building 

with lift-up design 

 

 

Figure. 5-6a). Measurement points underneath podium building 
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Figure. 5-7b). Normalized mean wind speed beneath podium building with lift-up design 

5.3.2 Pedestrian comfort under strong wind conditions 

5.3.2.1 Gust Equivalent Method (GEM) wind speed analysis 

The method utilised for analysing gust wind is called the ‘multiple extremes method’. This 

method determines the 3 second gust wind speed by averaging the maximum wind speed in 

each of the five independent samples. The duration of each independent sample is exactly 1 

hour at prototype scale. In this analysis, the GEM wind speed (UGEM) was normalized by the 

reference mean wind speed Ur of the approaching flow at 150m above ground level at full 

scale.  

According to Lawson’s comfort criteria, the threshold for the maximum allowable GEM 

wind speed for comfortable business walking at pedestrian level is 10m/s with a 5% 

probability of exceedance (Lawson, 1990). However, in Hong Kong, the equivalent wind 

speed at 150m is around 12m/s to 13m/s for a probability of exceedance of 5%. Thus, the 
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corresponding UGEM/Ur for Hong Kong is approximately 0.8 and areas with a UGEM/Ur value 

higher than 0.8 were designated as high wind speed zones. This level is considered to cause 

potential discomfort from the strong winds at pedestrian level.  

5.3.2.2 GEM wind distribution around singular building, a row of buildings and podium 

building with and without lift-up design 

The normalized GEM wind speed distributions (UGEM/Ur) are given in Figure 5-8, or singular 

building, a row of buildings and podium building with and without the lift-up design.  

Generally, for every building configuration, the maximum GEM wind speed occurred at the 

upstream or side corner of the building, which can be divided into Lateral High Wind Speed 

(LHWS) zone; the other high speed zone occurs between two adjacent buildings while can be 

called Middle High Wind Speed (MHWS) zone, indicated in Figure 5-8c) respectively. The 

downwash from the windward façades of the building generates the high wind speed 

horseshoe vortices. It accelerates around the building group. Therefore, LHWS zone is 

created. On the other hand, MHWS zone has only been observed for a row of buildings and 

singular building with lift-up and podium building with lift-up.  

The side corner LHWS zone for the singular building with lift-up is much larger than that 

without lift-up. In Figure 5-8a) and Figure 5-8b) it is apparent that the wake flow has 

increased dramatically with the 3.5m lift-up design for the singular building, whereas the 

upstream area is reduced. A new high wind speed area is introduced between the two central 

cores which lift-up the building.  

For a row of buildings, the air flow upstream of the building elevates notably by the lift-up 

design. The size of LHWS zone is slightly smaller for the lift-up design. In contrast, the 

MHWS zone becomes greater (Figure 5-8c) and Figure 5-8d)).  
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For the podium buildings, the LHWS zone can reach 5W (W = Podium Width) downstream 

from the building. But the LHWS zone covers approximately half of the upstream area of 

podium building (Figure 5-8e)). With the lift-up design, the flow pattern changes slightly 

though the LHWS zone still occupies nearly half of the upstream. In the wake area, the 

LHWS zone extends 3W along the size of the building, and a second LHWS zone stretches 

from 5W to 6W in the leeward direction. Interestingly, there is no MHWS zone between the 

3.5m high centre cores, but another high wind speed zone appears right after the building.  

 

a) Singular Building 

 

b) Singular Building 

with Lift-up 
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c) A Row of Buildings 

             

d) A Row of Buildings 

with lift-up 

 

e) Podium Building 

          

f) Podium Building with 

lift-up 

Figure 5-8.  Distribution of the normalized GEM wind speed with and without lift-up design 

for different building configurations 

5.3.2.3 Gust wind speed distribution with lift-up design 

In this section, a clear discussion regarding to gust wind speed distribution for different 

building types has been carried out below. It is complicated to conclude whether the lift-up 

design can induce more discomfort zones than the one without. In order to have better 

illustrations of the gust wind distribution at the pedestrian level with lift-up design, the Irwin 

probe measurement layout has been split into the same eight different zones as used in 

Section 3.1.2. After calculating the gust wind speed for each point, the gust wind speed for 

each zone is estimated by averaging number of probes inside that zone.  

Generally speaking, the lift-up design increases the gust velocity magnitudes for the majority 

of the zones, particularly for the singular building. This sees significant increases in gust 

wind speeds for all zones of up to 16% as shown in Figure. 5-7a). However, gust velocity 

LHWS MHWS 
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speeds for zone D1 and C2 are slightly less due to the blockage effect of the singular building. 

The technique of averaging the wind speeds within each zone has masked the localised 

discomfort zones that were evident in Figure 5-9a) and Figure 5-9b) and discussed previously 

in Section 5.3.2.2.  

For a row of buildings, the lift-up design shows the greatest increase in gust wind speed at the 

upstream and adjacent to the buildings zones. Though moderate increases are also seen in 

zones A, B, C1 and D1. But for the downstream areas zones D2 and E2 show lower gust wind 

speeds. In general, the variation for the gust wind speed among these eight zones with the lift-

up design for a row of buildings is small, which means the lift-up design has limited affects in 

reducing discomfort for  pedestrians under a strong wind environment. Figure 5-7b) also 

shows that a high wind speed zone appears at zone B where normalized gust wind speed 

exceeds 0.8. When the standard deviation is included into the results, zone C1 also exceeds 

0.8. Therefore, zones of pedestrian discomfort will appear at zones B and C1 for a row of 

buildings with and without lift-up design.  

A similar result is observed for the podium building as shown in Figure 5-7c). But a dramatic 

rise in gust wind speed for podium building with lift-up design is seen of up to 30% in zone B. 

The results show potential high wind speed zones for podium building with lift-up design 

occurring at zones B, C1 and D1 as their standard deviation 0.8. But the potential high wind 

speed zones for the podium building alone occurred only at zones B and C1. This suggests 

that the areas of the high wind speed zones have been enlarged by the lift-up design. With the 

lift-up design, it is only the podium building that has seen a reduction in upstream gust wind. 

The reduction is also seen in zones D2 and E2 which are further away from the building. But 

higher magnitude of gust wind speed is recorded in zone C1 with the lift-up design. 
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Nonetheless, downstream gust wind speed distribution is under a comfortable gust speed 

range with and without the lift-up design.  

 

a). A row of buildings with and without lift-up design 

 

b). Podium building with and without lift-up design 
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Figure 5-9. Gust velocity distribution in different zones for different building configurations 

5.3.2.4 Measurements underneath of the buildings with lift-up design 

In this section, normalized gust wind speeds underneath of singular building and podium 

building with the lift-up design have been plotted in Figure 5-10a) and Figure 5-10b) to 

illustrate the discomfort areas of the lift-up area caused by the gust wind speed. The 

measurement probes beneath the singular building and podium building with lift-up designs 

are exactly the same as in Section 5.3.1.3. For the singular building with lift-up design, probe 

031 records a high normalized gust wind speed of around 0.9. The probe is located in a 

particularly sensitive position between two central cores, where funnelling of the wind flow is 

occurring as it flows between the constricting building cores which results in a discomfort 

zone. Probe 071 is on the other side of one of the central cores, the normalized gust wind 

velocity is only at 0.7 which is within the comfortable range.  

Underneath the podium building, normalised gust values from the majority of the probes lay 

within the range from 0.5 to 0.9 and at reach 1.12 probes. Almost half of the probes below the 

podium show a normalized gust wind speed over 0.8, which shows the lift-up design for the 

podium building does introduce quite significant areas and magnitudes of wind discomfort 

for pedestrians beneath the podium.  
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a). Singular building with lift-up design 

 

b). Podium building with lift-up design 

Figure 5-10. Normalized gust wind speed distribution underneath different building 

configurations 
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5.4   Summary 

The general features of the low and gust wind speed areas around singular building, a row of 

buildings and podium building with and without lift-up designs were identified 

experimentally. It was found that there is an improvement for the low speed areas at the 

pedestrian level with lift-up design for singular building and a row of buildings. But for the 

podium building where wind speeds are generally greater, the lift-up design does not 

necessarily improve the pedestrian level wind environment. In terms of discomfort caused by 

a strong wind environment, the lift-up design brings a significant increase of the normalized 

gust wind speed, particularly for the singular building. There are more areas of wind 

discomfort created by the lift-up design compared to the one without. But the downstream 

low wind environment is substantially improved with better natural ventilation.  

The variations of the normalized gust wind speed between a row of buildings with and 

without the lift-up design is very minor. With the introduction of the lift-up design in the 

podium building, there is a significant change in the gust wind speeds adjacent and upstream 

of the building but downstream is largely very similar. Beneath the singular building and 

podium building with lift-up, there is significant likelihood of discomfort caused by strong 

winds. 

For a tropical and sub-tropical climate, a lift-up design for a slab building or a cluster of 

buildings may be considered by architects or urban planners as an effective means to improve 

the air movement for pedestrians. But conversely, excessive air movement due to strong 

winds would also need to be considered. Central cores of the buildings should not be placed 

too close to each other to avoid generating discomfort zones due to the channel effect. In a 

temperate or cold climate, the lift-up design may not be desirable when increased wind 

speeds coupled with low temperature may cause additional discomfort to pedestrians. A lift-
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up design for a row of buildings for enhancing pedestrian level wind is not as noticeable as 

for a singular building; the arising normalized gust wind speed with lift-up design is minor as 

well. Basically, the wind environment is fairly unchanged if a 3.5m lift-up design in 

implemented. The podium building with lift-up design improves air flow in selective areas 

without causing additional wind discomfort zones to pedestrians. Additional studies are 

recommended to determine the effectiveness of lift-up design by considering the influence of 

lift-up height, spacing between cores, interference/shielding by upstream and/or downstream 

buildings, and angle of wind incidence. 

To satisfy both thermal comfort and maximum mean wind speed is always difficult.  For this 

stage of the research, it is only goes so far as  investigating how effective the lift-up design is 

in changing the natural ventilation potential, wind environment and thermal comfort and 

finding out which building configuration is the most effective design on all these aspects 

while lift-up design is implemented. From a building-services-engineering perspective, 

deciding whether mean wind speed or gust wind speed is the most important wind speed 

depends on the location being investigated. For instance, in Hong Kong, stagnant flow is 

much more common compared to the gust wind speed. In this case, mean wind speed will be 

looked into more than the gust wind speed. After that, during typhoon season, strong wind 

might also cause potential problems for pedestrians as well if the lift-up design is 

implemented. In this case, wind breaks could be used for the safety of the pedestrians. 
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Chapter Six: Thermal Sensation of different building configurations with 

and without lift-up design under different weather conditions 

6.1 Introduction: 

After the outbreak of the severe acute respiratory syndrome (SARS) in 2003, creating an 

acceptable macro wind environment in the city for people’s health and comfort has become a 

major issue of the Planning Department of the Hong Kong Government. Thermal sensation is 

one aspect of urban environment quality. Therefore, it is necessary and interesting to analyse 

the thermal comfort environment of buildings with and without the lift-up design under 

different seasonal data.  

Many different models and indices were developed during the second half of the 20
th

 century 

for estimating the complex influence of atmospheric thermal environment on human being. 

Thermal bioclimatic assessment has been done, and many different indices, such as heat 

stress index, discomfort index (Thom, 1959), wind-chill index (Steadman, 1971) or similar 

ones, have been developed that are based on atmospheric parameters such as air temperature, 

humidity, wind speed etc, but do not include the effect of radiation fluxes. Therefore, thermo-

physiological regulatory processes were not taken account into and there were various 

limitations (Mayer and Hoppe, 1987; Hoppe, 1999). In order to estimate the relationship 

between atmospheric environment and human health in a more relevant way the methods of 

heat balance of humans are used (Burton and Edholm 1955; Fanger, 1972; Hoppe, 1999). 

Two different main thermal indices had been introduced. One is called predicted mean vote 

(PMV) combined with predicted percentage discomfort (PPD). The other is called 

physiological equivalent temperature (PET). But they are applied under very different 

conditions. PMV is a thermal index developed by Fanger (1972). It has been used for 
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predicting the mean value of the thermal sensation votes of a large group of people based on 

six variables: metabolic rate, clothing insulation, air temperature, radiant temperature, air 

speed, and humidity. It is rated on a 7-point scale ranging from -3 (cold) to +3 (hot) 

(ASHRAE 2004). PMV has been widely used for estimating the subjective thermal comfort 

of an indoor environment at steady state. But Hoppe (2002) and Nikolopoulou et al. (2001) 

reported that PMV could inaccurately predict the thermal comfort level for outdoor 

environment. Often, thermal sensation in hot climates has been overestimated towards the 

warmer end of the scale by PMV. It has been underestimated by PMV towards the colder end 

of the scale in cold climates. PET is a thermal index from the Munich Energy Balance Model 

for Individual (MEMI) which is a heat balance model of the human body. It is equivalent to 

the air temperature in a typical indoor sitting at which the heat balance of the human body is 

maintained, with core and skin temperature equal to those under the conditions being 

assessed (Hoppe 1999; Matzarakis et al. 1999). PET is normally used under steady state 

outdoor environment, but it does not require pre-calibration of the range of PET for different 

grades of thermal stress. Comparing two methods, PET has been chosen for this research the 

outdoor environment is going to be analysed.  

In the current study, the primary aims are: 

• To study the pedestrian-level thermal comfort environment around SB, RB and PB 

configurations with and without lift-up design under summer and winter climatic 

conditions. 

• To assess the potential improvement of thermally discomfort area at the pedestrian 

level by lift-up design during summer and winter season. 



157 

 

• To conclude the benefits and drawbacks of utilising the lift-up design on the thermal 

sensation at different seasons and how to make the building designs to be more 

efficient for providing a neutrally thermal conditions for the pedestrians.  

6.2 Research Methodology 

According to Cheng et al’s (2010) study, two predictive formulas have been adopted for 

analysing the thermal sensation and overall comfort, which is based on PET. Formulas for 

predicting thermal sensation were developed using linear regression analysis with four 

independent variables: air temperature, wind speed, solar radiation intensity and absolute 

humidity. Absolute humidity truly represents the moisture content of air.  

The following two equations are representing summer and winter respectively. 

Summer data: 

TS = 0.1895TA – 0.7754WS + 0.0028SR + 0.1953HR – 8.23 (correlation coefficient R = 

0.87)                                                                   (7.1) 

Summer + winter data, without humidity:  

TS = 0.1185TA – 0.6019WS + 0.0025SR – 2.47 (correlation coefficient R = 0.90)       (7.2) 

Where, 

TA = dry bulb air temperature (
o
C) 

WS = wind speed (m/s) 

SR = solar radiation intensity (W/m
2
) 

HR = absolute humidity (g/kg air) 
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Absolute humidity is used here because it is a truer representation of the moisture content in 

the air sample, whereas relative humidity represents moisture content relative to saturation at 

a given temperature. Therefore the temperature variable adds an additional parameter that 

unnecessarily complicates the formula adopted by Cheng et al. (2010). By using the above 

two equations, thermal sensation can be calculated and be rated on a 7-point scale from -3 

(cold) to +3 (hot). Normally, neutral thermal sensation (TS=0) is corresponding to a state of 

thermal comfort. Different levels of thermal sensation (TS) is given in the below table.  

Table 6-1: Different levels of thermal sensation 

Thermal Sensation 

-3 Cold 

-2 Cool 

-1 Slightly Cool 

0 Neutral 

1 Slightly Warm 

2 Warm 

3 Hot 

 

In the current project, only summer and winter have been considered for calculating the 

thermal sensation at the pedestrian level. The climatic data showing below has been selected 

from the Hong Kong Observatory website. Only the weather data from 2013 has been used 

here. Mean wind speed is measured at the height of 83m above the sea level by an 
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anemometer in Waglan Island in Hong Kong. Two extreme weather conditions have been 

selected for this study: one is the hottest month; the other is the coldest month. From the 

below table, it can be noticed that the hottest month is August which provides 28.6
o
C dry 

bulb temperature; and the coldest month is December which has 16.1
 o

C dry bulb temperature.  

Table 6-2: 2013 weather data from Hong Kong Observatory 

Month 

Dry Bulb 

Temp 

(deg.C) 

Mean Dew 

Point 

(deg.C) 

Mean 

Relative 

Humidity 

(%) 

Total 

Bright 

Sunshine 

(hours) 

Mean Daily 

Global 

Solar 

Radiation 

(MJ/m
2
) 

Mean 

Wind 

Speed 

(km/h) 

January 16.7 11.3 71 184.0 12.62 21.2 

February 19.1 15.4 80 98.7 11.51 22.6 

March 20.5 16.5 79 12.4 11.78 19.5 

April 21.5 19.0 86 53.6 8.98 22.9 

May 25.7 23.2 86 90.7 12.29 19.7 

June 28.2 25.1 84 146.1 15.83 23.4 

July 28 25.1 85 156.9 16.18 20.3 

August 28.6 25.3 83 148.1 14.50 22.7 

September 27.5 23.9 82 186.0 15.98 27.4 
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October 25.7 18.6 66 247.3 17.11 23.6 

November 21.7 16.2 72 133.4 11.14 30.5 

December 16.1 8.6 63 197.4 12.20 24.9 

 

It is known that the normalized mean wind speed at the pedestrian level is calculated by 

measured mean wind speed over the reference wind speed at 150m prototype height. Based 

on the mean wind speed from the above table, the reference equivalent mean wind speed at 

prototype 150m height in the wind tunnel experiment can be calculated, using the power law 

formula. Additionally, the measured mean wind speed data at the pedestrian level for singular 

building, a row of buildings and podium building with and without the lift-up design can be 

utilized for thermal sensation analysis. Assuming the same normalized mean wind speed for 

different measured points at the pedestrian level for August and December, all the measured 

mean wind speed at the pedestrian level in August and December can be estimated 

accordingly.  

With regards to solar radiation intensity, the above table only provides the total bright 

sunshine hours and mean daily global solar radiation. The sunshine hours per day can be 

assessed by the total bright sunshine hours over number of days in the relevant month. Mean 

daily global solar radiation over the total sunshine seconds per day can give the solar 

radiation intensity.  
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6.3 Results and Discussion 

6.3.1 Thermal sensation under summer conditions 

In summer, overall speaking, the thermal sensation values are positive in most of the area due 

to the high temperature, solar radiation and moisture content.  

In the below figure, contour diagrams of singular building, a row of buildings and podium 

building with and without lift-up design under summer conditions has been given. During 

summer season, most of area is in the range of thermal sensation value from 0 to 2.5 for 

singular building. Some area next to the building side is in the range of -1 to -1.5.   at 

downstream area drops from a higher value to neutral thermal sensation level which is 0. This 

implies that more area at the pedestrian level can achieve better thermal comfort when lift-up 

design is used for singular building, particularly in the downstream area. But, the thermal 

sensation value right in front of the singular building is slightly higher when lift-up design is 

implemented. Comfort area is created underneath and adjacent part of the singular building 

when lift-up is utilized.  

For a row of buildings with and without lift-up design, the contour diagram does not vary too 

much for thermal sensation distribution. This suggests that the effect of lift-up design is not 

obvious at the pedestrian level for a row of buildings. Therefore, lift-up design does not bring 

a better thermal environment for people at the pedestrian level, particularly at some upstream 

are , slightly higher thermal sensation value can be achieved. 

Interestingly, when lift-up design is implemented, the overall thermal pattern at the pedestrian 

level has changed much the most obviously for podium building compared to singular 

building and a row of buildings. For podium building alone, majority of the area is in the 

range of 0 to 2.5 for thermal sensation value. Some area at the side of the building is within 
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the range of 0 to -2. But on the far left hand corner side, thermal sensation with the range of -

0 to 3.5 appeared, which means this area is cold even for the hottest month of the year. When 

lift-up design is used thermal sensation value at the left-hand corner became very hot. Its 

value can reach as high as 3.5. Most of the remaining upstream area keeps its thermal 

sensation value at the neutral level when lift-up design is used. Right behind the building, 

thermal sensation value is also lower when lift-up design is utilized.  

      

 

 

 

a) SB 

Summer 

b) SB 

Lifted 

Summer 

c) RB 

Summer 

d) RB 

Lifted 
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Figure 6-1: Contour diagram of SB, RB and PB with and without lift-up design under 

summer climatic conditions 

In order to have a better illustration of comparing how effective lift-up design is for thermal 

sensation at the pedestrian level for different building configurations. An exact the same 

method of separating measuring area into different zones in Chapter five has been adopted in 

this chapter. One of the key criteria of splitting these zones is based on the building width (b). 
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But splitting the podium building, it depends on the podium width (b) for podium building. 

The detailed separation is illustrated below in Figure. 6-2.  

 

 

Figure. 6-2. Eight different zones for pedestrian wind speed measurement 

7.3.2.1 Summer Conditions 

Thermal sensation distribution for these eight different zones for singular building, a row of 

buildings and podium building with and without lift-up design under summer climatic 

conditions are presented in Figure 6-3a) to Figure 6-3c). Generally speaking, all of the zones 

for singular building with and without lift-up design have positive values for thermal 

sensation at the pedestrian level and the thermal sensation level for most of the zones are 

under 1 apart from Zone D2. This implies that people at the pedestrian level feels quite 

comfortable for singular building with and without the lift-up. In terms of the necessity of 
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lift-up design for singular building is concerned, interestingly, all the zones apart from zone 

A for singular building, thermal sensation value is getting lower when the lift-up design is 

used. The thermal sensation distribution has been dropped at least 14%, the most significant 

reduction zone is zone C1 which can reach more than 52 times dropping. The second 

significant reduction zone is zone D1 that can achieve more than 1.9 times dropping. It 

indicates that singular building configuration is the most efficient building configuration 

among the three to apply lift-up to improve thermal sensation at the pedestrian level. This 

also suggests that the lift-up is really useful for singular building, a slab of building to 

improve the thermal environment for people at the pedestrian level. This suggests that urban 

planners and/or buildings architects can improve thermal comfort in ground level public areas 

by introducing the lift-up design for singular buildings in summer. This can benefit public 

and communal facilities such as playgrounds, parks, car parks, swimming pool, etc, 

particularly in summer season. Those facilities would see improved thermal comfort if placed 

in any of the areas except for zone A.  

For a row of buildings, zone B and C1 are having the negative thermal sensation level, the 

remaining zones are all having the positive thermal sensation level. Thermal sensation level 

in zone D1, E1 and C2 is under 1 or -1, which illustrates that the thermal sensation level is 

neutral and people feels comfortable at these zones. On the other hand, people at zone A, 

D2and E2 feel slightly warm or near to warm while the thermal sensation level is over 1. 

Adversely, pedestrians feel slightly cool for zone B and C1. For all the downstream zones, 

thermal sensation levels are decreasing varied from 8% to 41% while lift-up design is utilized. 

But the largest decreasing zone for thermal sensation level is not locating at downstream of a 

row of buildings when lift-up design is applied. It is placed at the side of the building zone E1. 

The reduction of thermal sensation level while lift-up design is implemented can reach to 
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77%. Additionally, marginal decrease in thermal sensation could be found for zone B when 

lift-up design is used, and the remaining zones show increase of thermal sensation while lift-

up design is adopted. Consequently, public facilities located in areas other than zone A or C1. 

Although people feel slightly warmer while lift-up design is used for zone D1, the average 

zonal thermal sensation level is still pretty low, which is lower than -1. Therefore, people at 

the pedestrian level should still feel quite comfortable here. This implies that lift-up design is 

only useful to improve the thermal environment for certain zones at the pedestrian level, 

particularly for the downstream level.  

The thermal sensation results for the podium buildings are much more variable with a similar 

number of zones showing increases as decreases. For the downstream areas, thermal 

sensation has been decreased 3% for the lift-up design at zone C2, whereas it is increased at 

zones D2 and E2. While for the side areas, thermal sensation has been decreased 1% at zone 

D1 and 2% at zone E1, whereas it is increased at the rest of zones. Additionally, people should 

feel comfortable for zone A, B, C1, D1, E1 and C2 for podium building at the pedestrian level, 

but slightly warm at the remaining zones. When lift-up design is used, people will feel 

slightly warm at zone, D2 and E2 and cool at zone B. These data for podium building with and 

without the lift-up design indicates that lift-up design does not improve the thermal 

environment for the pedestrians much.  
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a) Singular Building 

 

b) A row of buildings 
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c) Podium building 

Figure 6-3. Thermal sensation distribution of different zone of different building 

configurations with and without lift-up design under summer conditions 

6.3.2 Thermal sensation under winter conditions 

In winter, generally speaking, majority of the measured area provides negative thermal 

sensation value when lift-up design is implementing or not. This means lower mean wind 

speed, lower temperature, lower solar radiation and no humidity can bring much lower 

thermal sensation for pedestrians in winter compared to summer.  

In the below figure, contour diagrams of singular building, a row of buildings and podium 

building with and without lift-up design under winter conditions has been given. During 

winter season, most of area is in the range of thermal sensation -1 to -2 for singular building. 

Some area next to the building side is in the range of -2 to -3.5. When lift-up design is 

utilized, thermal sensation value at the side of the building increases till -1.5 or -2. This 

indicates that lift-up design can eliminate the cold environment to cool environment at the 
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side of the building. Although it might still causes discomfort for the pedestrians, the 

discomfortable thermal sensation level is much lower. In terms of neutral thermal sensation 

level is concerned, singular building with or without the lift-up design brings similar area, but 

some area underneath of the singular building with the lift-up design has neutral thermal 

sensation level at the pedestrian level.  

For a row of buildings with and without lift-up design, the contour diagram does not vary too 

much not only in the thermal sensation value but also in the thermal pattern. This suggests 

that the lift-up design does not bring a better thermal environment for people at the pedestrian 

level for RB. Adversely, when lift-up design is used, slightly lower thermal sensation value 

can be achieved at some side area of a row of buildings. In terms of neutral thermal sensation 

is concerned, its coverage area is even less when lift-up design is implemented. But thermal 

sensation values underneath of the a row of buildings with the lift-up design are all neutral, 

which implies people should have a comfortable thermal environment at those area in winter.  

Interestingly, when lift-up design is implementing, the overall thermal pattern at the 

pedestrian level has changed much more dynamically for podium building compared to 

singular building and a row of buildings. For podium building alone, there is a large area at 

the side the podium building covers thermal sensation value from -2.5 to -3.5. The neutral 

thermal sensation area mainly appears downstream of podium building. When the lift-up 

design is utilized, the coverage of thermal sensation value from the range of -2.5 to -3.5 is 

reduced significantly at the side of the building. Even some area becomes neutrally thermal 

comfort. On the other hand, the thermal environment underneath of podium building with 

lift-up is generally quite cold at the pedestrian level.  
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Figure 6-4: Contour diagram of SB, RB and PB with and without lift-up design under winter 

climatic conditions 

6.3.2.2 Winter Conditions 

Thermal sensation distribution for these eight different zones for singular building, a row of 

buildings and podium building with and without lift-up design under summer climatic 

conditions are presented in Figure 6-5a) to Figure 6-5c). 

Generally speaking, all of the zones for singular building with and without lift-up design have 

negative values for thermal sensation at the pedestrian level and the thermal sensation level 

for all the zones are under -1. This implies that people at the pedestrian level for all the zones 

feels slightly cold for singular building with and without the lift-up. In terms of the necessity 

of lift-up design for singular building is concerned, interestingly, all the zones apart from 

zone A for singular building, thermal sensation value is getting higher negative when the lift-
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up design is used. The increase in thermal sensation discomfort varies from 5% to 11%, the 

most significant increasing zone is zone C1. The second significant increasing zone is zone 

D1. On the contrary, zone C1 and D1are the two most significant decreasing zones in thermal 

discomfort during summer period for singular building when lift-up is used. This is probably 

is because of the much colder air temperature in winter. Consequently, pedestrians do not 

require a much cooler environment in winter to bring down the equivalent temperature like in 

summer. Adversely, people probably need to have a warmer environment. But with higher 

wind speed due to lift-up design, less solar intensity and colder air temperature in winter, lift-

up design might bring even more discomfort.  

For a row of buildings, thermal sensation values are all negative values in winter. Generally 

speaking, people at the side of a row of buildings with and without lift-up design are 

generally feeling cold. People located at the downstream or upstream of a row of buildings 

with and without lift-up are feeling cool or slightly cold. Apart from zone A and zone B are 

providing marginally lower thermal sensation values, the remaining zones are all giving 

higher thermal sensation levels which varies from 2% to 13%. Zone E2 increased the highest 

discomfort while lift-up design is used; zone D2 has the second highest discomfort while lift-

up is used. Therefore, the increase of discomfort level is much more obvious in the 

downstream area of a row of buildings while lift-up design is implemented. But it is slightly 

less at the side and in the upstream of a row of buildings while lift-up is used. People can feel 

most discomfortable in zone B, C1 and D1 no matter the lift-up is implemented or not. 

Pedestrians can feel slightly cold in zone A, E1, C2and D2 no matter the lift-up is used or not. 

On the other hand, people in zone E2 have the least discomfort whether the lift-up is utilized 

or not.  
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The thermal sensation results for the podium buildings are much more variable with a similar 

number of zones showing increases as decreases. All the zones are showing negative thermal 

sensation levels. People at the side of the podium building with and without lift-up design are 

generally feeling cold. People located at the downstream or upstream of the podium building 

with and without lift-up are feeling cool or slightly cold. Zone D2 and E2 at the downstream 

area reduced thermal sensation level most dynamically while lift-up is used, which was from 

11% to 27%. People could feel different thermal comfort environment while lift-up is 

implemented at these two zones, while is from slightly cold to cool. The increase of thermal 

sensation level for zone A while lift-up design is used is 26%. But zone C1 and E1 at the side 

of the podium building only provide marginally increase of thermal sensation level while lift-

up design is used. These suggest that the lift-up design is quite useful for decrease thermal 

sensation level for most of the zones for podium building under winter conditions, the most 

significant decreasing area is downstream area. Interestingly, zone B is the area has the 

highest increasing thermal discomfort for podium building no matter in winter or summer 

climatic conditions while lift-up design is implemented.  

Among the thermal sensation distribution of different zones of these three different building 

configurations with or without the lift-up design under winter conditions, it can conclude that 

in winter, all the zones only provide negative thermal sensation values for these three 

building configurations with and without the lift-up design. Comparatively, singular building 

with or without the lift-up design can provide the most comfort thermal environment among 

the three building configurations in winter, particularly at the side area of the building. Lift-

up design does not benefit so much significantly for singular building or a row of building at 

the pedestrian level under the winter climatic conditions, but it does benefit for quite 
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reasonable amount of zones at the pedestrian level for podium building under the winter 

climatic conditions.  

 

a) Singular building 

 

b) A row of buildings 
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c) Podium building 

Figure 6-5. Thermal sensation distribution of different zone of singular building with 

and without lift-up design under winter conditions 

6.4 Conclusion 

In conclusion, based on Cheng et al’s (2010) investigation, two predictive formulas have 

been utilized for analysing the thermal comfort distributions at the pedestrian level for 

singular building, a row of buildings and podium building with and without the lift-up design 

by using the weather data from two extreme months (August and December which were the 

hottest and coldest month of 2013) in Hong Kong. Thermal contour diagrams for different 

building configurations with and without lift-up design under summer and winter climatic 

conditions have been described separately. In order to have a better illustration, thermal 

sensation distribution at eight different zones of different building types under different 

climatic conditions has been discussed as well. 
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In summer, only positive thermal sensation for all the zones at the pedestrian level for 

singular building with lift-up or not is discovered. The thermal sensation level apart from 

zone D2 is under 1. Even without the lift-up, people at the pedestrian level feel quite 

comfortable for singular building. But with the lift-up design, it reduces the thermal sensation 

level dramatically apart from zone A. Zone C1 is the most significant reducing zone which 

can reach 52 times. Additionally, singular building configuration is the most efficient 

building configuration among the three to apply lift-up to improve thermal sensation at the 

pedestrian level. This design is really useful for singular building, a slab of building to 

improve the thermal environment for people at the pedestrian level. This suggests that urban 

planners and/or buildings architects can improve thermal comfort in ground level public areas 

by introducing the lift-up design for singular buildings in summer. This can benefit public 

and communal facilities such as playgrounds, parks, car parks, swimming pool, etc, 

particularly in summer season. Those facilities would see improved thermal comfort if placed 

in any of the areas except for zone A. For a row of buildings, all the zones are having positive 

thermal sensation level apart from zone B, C1 and D1 in summer. These phenomena can also 

be found for podium building with and without the lift-up design in summer. For all the 

downstream zones, thermal sensation levels are decreasing while lift-up design is utilized. 

But it is not reducing for all the side zones while lift-up design is used. Therefore, lift-up 

design is only useful to improve the thermal environment for certain zones at the pedestrian 

level, particularly for the downstream level. For podium building, lift-up design does not 

improve the thermal environment for the pedestrians much in summer.  

In winter, generally speaking, all of the zones for singular building with and without lift-up 

design have negative values for thermal sensation at the pedestrian level. All the zones apart 

from zone A for singular building, thermal sensation value is getting higher negative when 



175 

 

the lift-up design is used. Due to the colder air temperature in winter, pedestrians do not 

require a much cooler environment in winter to bring down the equivalent temperature like in 

summer. Adversely, people probably need to have a warmer environment. But with higher 

wind speed due to lift-up design, less solar intensity and colder air temperature in winter, lift-

up design might bring even more discomfort. People at the side of a row of buildings or 

podium building with and without lift-up design are generally feeling cold. People located at 

the downstream and upstream are feeling cool or slightly cold for a row of buildings or 

podium building with and without lift-up. Comparatively, singular building with or without 

the lift-up design can provide the most comfort thermal environment among the three 

building configurations in winter, particularly at the side area of the building. Lift-up design 

does not benefit so much significantly for singular building or a row of building at the 

pedestrian level under the winter climatic conditions, but it does benefit for quite reasonable 

amount of zones at the pedestrian level for podium building under the winter climatic 

conditions.  

Furthermore, in terms of thermal comfort evaluation is concerned in this project is concerned, 

two predictive formulas were based on the experimental data direct under the sun. Cheng et al. 

(2010) has not carried out any research for the experiments in shade. It is necessary to 

conduct some survey and experiments with shading devices to derive some other formulas 

which should be more precisely represent the real outdoor situations. Therefore, the outdoor 

thermal environment can be analysed by those equations.  

In the real urban environment, wind speed and solar radiation is much smaller than those in 

Waglan Island. The reason this date is used is because there are 13 weather data for 13 

different districts in Hong Kong on the Planning Department website. But for our studies, the 

buildings were not located at any location first of all. Secondly, we are only concerned with 
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how affective these building configurations are to thermal sensation when lift-up design is 

used. Therefore, we chose a relatively higher weather date to find out which design is the 

most effective design for thermal sensation. In the real urban areas, the conclusions of 

effectiveness of different building configurations are still applicable, but for the more precise 

results and how effective they are, the exact weather data has to been used and recalculated 

by the equations provided by Cheng et al. (2012). But a specific district has to be selected 

first. Additionally, the variations of the humidity and solar radiation have not been considered, 

in further studies, these should be carefully considered to provide a more complete results. 
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Chapter Seven: Wind tunnel study of the pedestrian wind environment and 

pollutant dispersion in building lift-up design  

7.1 Introduction 

Air pollution is the introduction into the atmosphere of chemicals, particulates, or biological 

materials that cause discomfort, disease, or death to humans, damage other living organisms 

such as food crops, or damage the natural environment or built environment. According to 

Blacksmith Institute’s World’s Worst Polluted Places Report, 2008, indoor air pollution and 

urban air quality has been listed as two of the World’s Worst Toxic Pollution Problems 

(Blacksmith Institute’s World’s Worst Polluted Places Report, 2008). So far as urban air 

pollution is concerned, emissions from vehicle exhaust have become one of the major 

pollutants due to the dramatic growth of vehicle population, even though there have been 

significant improvements in fuel and engine technology (Vardoulakis et al. 2003). Human 

exposure to hazardous substances is expected to be higher especially in areas with highly 

dense populations and traffic density. Concentration of these pollutants due to ventilation 

stagnant or slow air movement area can exacerbate the harmful effects on the health of urban 

inhabitants, which can cause numerous health issues including respiratory infections, 

cardiovascular diseases, and lung cancer, according to the WHO (Air quality guidelines for 

Europe, 2000). These effects can result in increases of medication use, doctor or emergency 

room visit, hospital admissions and premature death. Therefore, understanding flow and 

dispersion in urban area is extremely important for air quality management and urban 

planning. Additionally, concerns and awareness regarding the discharge of toxic material in 

populated area has been raised by the current international political situation.  

The atmospheric pollutant dispersion depends on meteorological and topographical 

parameters, like wind speed and atmospheric stability which are decided by adiabatic and 
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environmental lapse rate in the lower atmosphere above the ground, terrain roughness and 

topography, releasing height of the source, temperature and velocity of effluent gaseous 

source. The urban-canopy pollutant dispersion normally takes place in the close vicinity of 

pollutant source and impact targets. The main urban pollutant sources are emissions from 

smoke and ventilation stacks (they may be represented as point sources), and car exhausts 

(they may be regarded as line sources stretched along street). Typical impact targets are 

pedestrian zones and living zones. Although extensive physical experiments or computational 

fluid dynamics studies are available in the literature to investigate the issues of air flow or 

pollutant dispersion, only few studies were related to pedestrian zones. Especially one 

particular architectural feature, the lift-up design, by which the high-ceiling ground floor is 

void and almost fully opened to the street, may have drastic effects on the pedestrian level 

pollutant dispersions.  This feature has been adopted in some landmark buildings although the 

original intention might have been to serve other purposes.  

With non-lift-up design, the pollutant normally is ascending within the recirculation area if 

the source is located downstream of the building as there is relatively lower wind there; but it 

could be separated to both side of the building due to the flow separation when the source is 

placed upstream side. When the lift-up design is implemented, the air flow is much more 

complicated compared to the non-lift-up design, as there is an opening space underneath of 

building, therefore, some of the pollutant is still ascending to the higher level when the source 

is located downstream. But air flow can penetrate through the opening space underneath the 

building, plus the revised flow generates from the ascending pollutant, these two flow 

streams can encounter to produce a much complicated flow situation. Therefore, 

understanding and using the reattachment length is extraordinarily important in this case. In 

the past, different researchers have used different research methodologies (Rodi, 1997; 
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Tominaga et al. 2008; Murakami 1998; Meng and Hibi, 1998; Yoshie et al. 2007; Lu et al. 

2001) to study the impacts on these zones when flows past bluff bodies, particularly to study 

the complex phenomena like reattachment where the air flow and pollutant dispersion could 

be extremely complicated. Reattachment length is one of the most significant parameters to 

research the length of the primary recirculation zone. It strongly depends on the initial 

boundary later, the specific geometry of the tunnel and the fluid Reynolds number (Tihon et 

al. 2001). The reattachment length has been defined as the length of the time-mean separation 

region behind an obstacle. Generally, reattachment point produces the zero velocity point on 

the downstream ground surface (Lu et al. 2001).  

But they all reported different reattachment lengths. Rodi et al. (1997) did a systematic study 

on reattachment length when flow pasts a square cylinder by using different LES and RANS 

model. The reattachment length varies from 0.94 to 1.68 and 0.98 to 2.8 when different LES 

and RANS model applied respectively. Murakami (1998) also used LES to predict and to 

cross compare the reattachment length of a square shape building of 1:1:1 

(height:width:depth) with experimental and RSM result. The LES model produced 1.4 for 

reattachment length, which is the closest to the experimental result which is 1.2. But RSM 

model calculated it between 2 to 2.3. Tominaga et al. (2008) did the cross comparison of the 

reattachment lengths generated by different revised κ-ε and LES models with experimental 

data  (Meng and Hibi, 1998) for a single square prism of 2:1:1 (height:width:depth). In Meng 

and Hibi’s test (1998), the reattachment length is 1.42. The reattachment length generated by 

the revised κ-ε models are from 2.7 to 4.22. The closest agreement with the experiment 

among all revised κ-ε models is Durbin’s revised κ-ε model. But in general, revised κ-ε 

models overestimated the reattachment length behind the building. Although the 

overestimation of reattachment length behind the building in Durbin’s revised κ-ε model was 
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improved in the LES computations to 1.02 and 2.1 due to the well reproduction of the 

periodic velocity fluctuation due to the vortex shedding behind the building, the inflow 

turbulence should be produced with the LES computation to avoid too much vortex shedding 

behind the building.  Yoshie et al. (2007) used the standard κ-ε model to study the pedestrian 

wind environment for the same building in Meng and Hibi’s experiment (1998). Yoshie et al. 

(2007) found the reattachment length is 2. Lu et al. (2001) discovered the reattachment length 

for a refuge floor is 2.5. Although the reattachment length has been reported in different 

values for different obstacles, it can be found that reattachment length for these different 

obstacles are lined within 1 to 3. And the experiment and LES can predict a relatively more 

accurate reattachment length.   

In this chapter, As a proof of concept study, a 3.5m fully open ground floor in prototype scale 

was added to each of the three configurations (singular building, a row of buildings and 

podium building), producing three lift-up designs for comparison with the original 

configurations. Scale models of the designs were studied in the wind tunnel for the following 

reasons:  

1. To ascertain the lift-up design influence on airflow and ventilation around the 

buildings. 

2. To learn the significance of the lift-up design on pollutant dispersion around these 

three tall building configurations with upstream and downstream pollutant emission 

sources.  

3. To explore the improvement or deterioration of airflow or pollutant dispersion by 

deploying lift-up design among different building cases.  
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Some recommendations are given which are prudent to urban designers, architects, engineers 

and even urban policy makers.    

7.2 Experimental setup 

7.2.1 The atmospheric boundary layer wind tunnel 

The experiments were conducted in the CLP Power Wind/Wave Tunnel Facility (WWTF) at 

The Hong Kong University of Science and Technology.  

 

Figure 7-1. Isometric of Singular Building, A Row of Buildings, Podium Building with Lift-

up Design 

7.2.2 Measurement techniques 

7.2.2.1 Velocity 

Irwin Probes (1981) have been used for measuring pedestrian wind speed in this experiment. 

Only 18 to 21 Irwin Probes (1981) have been used for measuring pedestrian wind speed in 

this experiment. The implementation of number of Irwin Probes for measurements depends 

on different building configurations. The purpose of doing so is to keep the constancy 
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between the wind speed measurement and the pollutant measurement. Baseline studies 

without a building installed were studied as a reference at the beginning and at the end of 

tests.  

7.2.2.2 Concentration 

The constant injection method, in which the tracer gas is released at a constant rate, was 

applied in the current experiment. The tracer gas was injected through a flow meter at 3LPM 

into the line source first. Then it was released at 2.5mm model height above the tunnel 

ground level. The purposes of these concentration experiments are to simulate the pollutant 

dispersion of a line of stationary buses with their engines operating at either upstream or 

downstream of the building, and also to find out the impacts of the different building 

configurations on the pollutant dispersions due to these sorts of vehicular emissions. 

Therefore, a line source is implementing in these experiments, whose detailed design has 

been described in Chapter 3.  

7.3 Results and discussions 

An average wind flow can be represented by an average or mean wind speed with an 

averaging time, such as 10 min or an hour. For maintaining a good naturally ventilated 

environment, an average wind flow is a more appropriate measure. Consequently, in this 

study, mean wind speeds were used to characterize the low wind speed zones where 

inadequate or poor air ventilation may occur due to insufficient available winds or the wind 

blocking effects by obstacles. Mean wind speed at pedestrian level at any interested point was 

normalized by the reference mean wind speed of the approach flow at 150m in prototype 

scale. The normalized mean wind speed (U/Ur) was applied due to its ability to readily 

incorporate a particular wind climate to determine the statistics of wind speeds, in terms of 

magnitude and probability of occurrence. For instance, in Hong Kong, the mean wind speed 
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at 150m is around 5m/s to 6m/s for 50% probability of exceedance (Hitchcock et al. 2003).  

The minimum wind speed for human at the pedestrian level is around 1.5m/s in order to 

achieve thermal comfort or pollutant dispersion (Lawson and Penwarden. 1975). This means 

a normalized mean wind speed (U/Ur) around 0.3, and areas with U/Ur lower than 0.3 can be 

designated as low wind speed zones (LWS), which is unfavourable for maintaining a good 

natural ventilation environment. Meanwhile, the pollutant dispersion has also been researched 

for both the emitting source lined upstream and downstream of the buildings. The 

measurements of pollutant concentration and mean wind speed of the same zone have been 

compared to conclude the necessity of deploying lift-up design to improve the wind 

environment around the buildings or in an urban environment.  

7.3.1 Distribution of mean wind speed  

In order to better illustrate the improvement of wind distribution and pollutant dispersion at 

the pedestrian level with lift-up design, the ground measured area is separated into different 

zones. This enables simpler and more direct comparisons between the non-lift-up design and 

lift-up design. One of the key criteria of splitting these zones is based on the building width 

(b). But for the podium building, the building width is based on the podium width instead. 

The detailed separations for wind speed and pollutant measurements with upstream line 

sources are given below in Figure 7-2. In order to direct to see how far are the zones actually 

being away from the buildings, a dimensionless distance away from the building has been 

introduced here. This dimensionless distance is defined as the distance away from the 

building over the building width.  
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Figure 7-2. Eight different zones for pedestrian wind speed with upstream or downstream line 

source 

Mean wind speed for these five different zones for singular building and seven different 

zones for a row of buildings and podium building with and without lift-up design are 

presented in Figure 7-3a) to Figure 7-3c). They all show lower mean wind speeds for the 

upstream areas in all buildings configurations with the lift-up. This could be caused by the 

revised flow in front of the buildings, which is generated by the downwash effects. When the 

two opposing windward and backflows encounter each other, a low wind speed zone is 

created at the upstream of buildings. Whereas mean wind speeds are consistently higher in 

majority of the areas of singular building with the lift-up design. The rising percentages of the 

mean wind speed are from 10% to 50%. The wind speed for all these zones are all higher 

than 0.3. Consequently, there is no LWS for this case no matter with or without the lift-up 
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design. Therefore, a good natural ventilated environment can be maintained for all the zones. 

Using the lift-up design improves the majority of the downstream zones for a singular 

building. This suggests that urban planners and/or buildings architects can improve 

ventilation in ground level public areas by introducing the lift-up design for singular 

buildings. This can benefit public and communal facilities such as playgrounds, parks, car 

parks, swimming pool, etc. Those facilities would see improved ventilation if placed in any 

of the areas except for zone A or at least a building width away from the building to account 

for changing wind directions. But this needs to be confirmed by the normalized concentration 

level in the later section as well. 

For a row of buildings, only the zone with -1.5 dimensional length results show a very 

marginal decrease in wind speed and the zone with 0 dimensional length (zone just next to 

the building itself) does not increase or decrease the normalized mean wind speed at all with 

the lift-up design, whereas all the remaining zones show increased mean wind speeds with 

the lift-up. The percentage increase of the mean wind speed range from 3% to 11%. 

Consequently, similar to the singular lift-up building, public facilities located in areas other 

than zone with -1.5 dimensionless length would see improved natural ventilation. In terms of 

LWS area is concerned, there is no LWS zone for a row of buildings with or without lift-up 

design. The flow separation for a row of buildings with the lift-up design brings more air 

flow to the besides of the buildings which are zone with dimensionless length 2.5, 5 and 

larger than 5 compared to the non-lift-up cases. Due to the blocking effect of the building 

itself, the air flow at immediate behind or far-field behind is much less compared to the side 

area of the building, which are zone with dimensionless length 2.5, 5 and larger than 5. Also, 

the normalized mean wind speed is decreasing gradually with the longer distance away from 
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the building no matter in the besides zones or the behind zones. Interestingly, these sorts of 

flow characteristics can also be discovered for podium building with or without lift-up design.  

The mean wind speed results for the podium buildings are much more variable with a similar 

number of zones showing increases as decreases.  

For the behind areas, normalized mean wind speed has been improved 4% for the lift-up 

design at zone with 2.5 dimensionless length; whereas airflow is reduced at zones with 5 and 

larger than 5 dimensionless length. The reason that mean wind speed is reduced at zones with 

5 and larger than 5 dimensionless length with the lift-up design for the behind of the building 

is because the reversed flow caused by the flow reattachment of vertical recirculation behind 

the building and strength of the horizontal recirculation. This is contrasted by improved air 

flow at the besides parts of the building, particular at zone with 0 dimensionless length which 

has the best improvement. Zone 2.5 shows a marginal reduction in wind speed with the lift-

up design, whereas zone -1.5 shows a significant decrease in wind speed with the lift-up 

design. Therefore, areas of public congregation located in zones with dimensionless length 0 

and 5 besides of the building and zone with dimensionless length 2.5 behind of the building 

will see improved ventilation if a lift-up design is introduced. But this needs to be confirmed 

by the normalized concentration in the later section. Zone 0 besides of the building exhibits 

the most enhanced wind as it improves approximately 30% with the lift-up design. Podium 

building with or without the lift-up design, there is no zone that can be classified as the LWS 

area. 
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a): SB V’s SB with lift-up  

 

b): RB V’s RB with lift-up 
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c): PB V’s PB with lift-up 

Figure 7-3. Normalized wind speed distribution for different building configurations with or 

without lift-up design 

7.3.2 Distribution of pollutant distribution with lift-up design and line source upstream 

of building 

For a row of buildings and podium building with and without lift-up design configurations, 

there are 21 measurement points in total. But for singular building with and without lift-up 

design, there are only 18 measurement points. This is due to the limited experimental time 

and simplicity of the building configuration itself. Therefore, when analysing mean wind 

speed distribution and pollutant dispersion for singular building with and without lift-up 

design, there are no zone with dimensionless length 5 and 6 besides of the building when the 

source line is upstream of the building. Consequently, there are only six zones for the 

singular building and eight for the other building configurations as indicated in Figure 7-4. 

For a more direct comparison between the pollutant dispersion with the upstream and 
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downstream line source, zone with dimensionless length 1 has been added up here for 

representing the downstream line source location.  
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b) A row of buildings 

 

c) Podium building  

Figure 7-4. Different zonal distributions for pedestrian pollutant measurement with upstream 

line source for different building configurations 

So far as pollutant dispersion with the upstream line source is concerned, the lift-up design 

can bring even higher pollutant concentrations, which is clearly indicated in Figure 7-5a) to 
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c). This is because the lift-up design helps to let more air flow through 3.5m lift-up gap, 

which can allow more pollution to get through the gap. The highest pollutant concentration 

always occurs at upstream of the building for all the cases when the source is emitting 

upstream. But from Figure 7-3a) to Figure 7-3c) above, air flow is always lower for the 

upstream zones when the lift-up design is applied. Therefore, pollutant can accumulate there. 

And the general feature of these three building configurations with the upstream line source is 

very similar. Apart from the highest normalized concentration happened at the upstream of 

the building, concentration level is generally higher at the side of any of the building 

configurations and it is relatively lower at the downstream of the buildings. This could be 

because of the flow generates by the building separation. Figure 7-5a) to c) also demonstrates 

that higher normalized concentration level happened at the zone with dimensionless length 

2.5 behind the building for all the building configurations. Singular building and podium 

building with or without lift-up design also have higher normalized concentration at the zone 

with dimensionless length 2.5 besides the building compared to the zone with dimensionless 

length 1 besides the building. It is known that the velocity is equal to zero at the reattachment 

points on the downstream ground surface (Lu et al. 2001). Therefore, higher pollutant should 

be able to accumulate around this area. Consequently, although the normalized concentration 

differences between each zones behind the building is relatively small, this implies that the 

reattachment length for singular building, a row of buildings and podium building is 

approximately 2.5.  

Normalized pollutant concentrations are rising for all zones when the line source is situated 

upstream of the singular building with lift-up design, whereas the mean wind speed is 

increasing for most of zones only in Figure 7-3a). For zone with dimensionless length 2.5 

besides the building, lift-up design a 31% rise of pollutant flow through compared to the one 
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without the lift-up design, whereas lift-up design can increase 15% more pollution flowing 

through at the zone with dimensionless length 1 besides the building. For the downstream 

area behind the building block, the pollutant concentration is increasing marginally, which is 

from 3% to 13%. For zone with dimensionless length 2.5 and 5 behind the building, the 

percentage increase of pollutant concentration is just over 10%. Zone with dimensionless 

length 6 behind the building has the lowest percentage increase of pollutant concentration, 

which is lower than 3%. But still there is no zone decreasing the pollutant concentration level 

with the increasing air flow. In order to minimise the pollution concentration levels that 

would impair the wind environment, a mechanical ventilation system is recommended to be 

implemented for a singular building with lift-up design when line source is situated at the 

upstream side. The exhaust should be placed at or above the building height. But its 

flexibility and the environmental impacts of utilizing this sort system should be further 

investigated before it is fully implemented.   

For a row of buildings with lift-up design, apart from zone with dimensionless length 5 and 6 

besides of the buildings, normalized concentrations are all increasing for the remaining zones. 

The rising percentage varies from 10% to 72%. As shown in Figure 7-3b), the mean wind 

speed is rising for zone with dimensionless length 5 and 6 besides of the buildings, therefore, 

communal facilities with human activities that would benefit from better air quality, such as 

parks and leisure areas should be located in these zones for a row of building with lift-up 

design when the pollutant line source is upstream.  

For the podium building with the lift-up design, normalized concentrations are rising for zone 

with dimensionless length -1.5, 1, 2.5 besides the building and 6 behind the building. Zone 

with dimensionless length 5 besides the building and 2.5 behind the building maintain the 

same concentration levels yet higher wind speeds when the lift-up designs are applied. While 
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for zone with dimensionless length 5 besides and behind the building, although normalized 

concentration level is getting lower, but the mean wind speed either keeps the same for zone 

with dimensionless length besides the building or it is getting even lower. Therefore, there is 

no such a specific zone that can locate the communal facilities for podium building with the 

lift-up building when the pollutant line source is upstream. Ignoring the lift-up design, 

pollutant concentrations downstream are lower for podium building than a row of four 

building blocks. This is because podium building has larger geometric dimensions compared 

with a row of buildings, especially the podium underneath of a row of four building blocks. 

Similarly, singular building has the smallest dimensions among all these building 

configurations, so normalized pollutant concentration for singular building is the highest. 

This further demonstrates that the blockage of singular building is the smallest, consequently, 

the higher pollutant concentration can penetrate through.  On the other hand, the 

concentration data shown in Figure 7-5a) to c) does not prove that reduced normalized 

concentration can be achieved with the higher air flow when applying lift-up design. In other 

words, although higher air flow can be obtained by employing lift-up design for some 

building configurations to avoid LWS area, it does not necessarily improve the air quality 

around it, particularly at the pedestrian levels, when the releasing source is located at the 

upstream of the building. Also, the higher the airflow is, the higher the concentrations 

recorded with the lift-up design. Therefore, the lift-up design does not benefit pedestrians 

through lowering pollutant concentration levels in the air quality.  
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a) SB V’s SB with lift-up 

 

b) RB V’s RB with lift-up 
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c) PB V’s PB with lift-up 

Figure 7-5. Concentration distribution for upstream line source for different building 

configurations with or without lift-up design 

7.3.3 Distribution of pollutant distribution with lift-up design and line source 

downstream of building 

As described in Section 6.3.2 above, for singular building with or without lift-up design, there 

are only 18 measurement points, whereas 21 measurement points for a row of buildings and 

podium building with and without lift-up design configurations. Therefore, when analysing 

mean wind speed distribution and pollutant dispersion for singular building with and without 

lift-up design, there are no zones with dimensionless length 6 and larger than 6 besides the 

building when the source line is downstream of the building. Consequently, there are only six 

zones for the singular building and eight for the other building configurations as indicated in 

Figure 7-6. For a more direct comparison between the pollutant dispersion with the upstream 
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and downstream line source, zone F1 and F2 have been added up here for representing the 

downstream line source location.  
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b) A row of buildings 

 

c) Podium building 

Figure 7-6. Different zonal distributions for pedestrian pollutant measurement with 

downstream line source for different building configurations 
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The downstream pollutant concentrations for the various building configurations with and 

without lift-up design are given in Figure 7-7a) to Figure 7-7c). Generally speaking, the 

pollutant concentration levels are higher when the pollutant source is released downstream of 

the building compared to the earlier discussed upstream experiment for all the building 

configurations whether with or without the lift-up design. This is because the blockage of the 

pollutant dispersion is much less when the source is emitting from downstream than upstream. 

When the line source is located at the upstream side of the building, most of the pollutant was 

dispersed with the flow generated by separation at the building edges. Although there is some 

recirculation occurring, it is much diluted compared to the major flow stream.  Additionally, 

the phenomena of reattachment length lies at zone with dimensionless length 2.5 behind the 

building is even more obviously when the pollutant source emitted downstream of building 

for singular building, a row of buildings and podium building.  

For pollutant concentrations results from the downstream releasing line source, the lift-up 

design increases the normalized concentration level for the side zones which are zone with 

dimensionless length 2.5 and 5 besides the building. Also this specific design increases the 

pollutant concentration for the downstream zone with dimensionless length 5 behind the 

building for singular building. But it helps to reduce the concentration levels for majority of 

the downstream zones for singular building. Interestingly, from Figure 7-3a), all the 

downstream zones to have natural ventilation improvement with the lift-up design. 

Additionally, even when the airflow is higher at the side of the singular building with lift-up 

design, the pollutant concentration level still increases compared to the non-lift-up design. 

Therefore, zone with dimensionless length 2.5, 5 and 6 behind the building are the zones that 

have higher airflow and lower concentration with the lift-up design. These would be the 

sensible area for locating communal facilities for human activities.  
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Considering a row of buildings with and without lift-up design where the line pollutant 

source is emitting from the downstream side, all the zones show increasing pollutant 

concentration levels apart from zone with dimensionless length 5 besides the building. This is 

reflected by Figure 7-3b), where mean airflow increases correspond with the pollutant 

concentration increases. Therefore, for a row of building with the lift-up design, there are 

some improvements in the natural ventilation environment for the majority of the zones. 

Similar to the singular building case, the pollutant concentration for a row of buildings is 

higher for all the zones when the line source is releasing downstream, particularly for the 

downstream side of the buildings. This can endanger the health of the pedestrians directly. To 

avoid this public health issue, communal facilities should be situated at zone with 

dimensionless length 5 besides the building for a row of building with lift-up design when the 

source is emitted downstream of the building.  

The downstream line source pollutant concentration of podium building with lift-up design or 

non-lift-up design has the most effective findings. With the lift-up design, the pollutant 

concentration in all zones is reducing gradually compared to the podium building alone. The 

results show that the podium building with lift-up design is the most effective building design 

for pollutant concentration reduction for downstream line source situation only. However, as 

discussed before, it still might not increase the zonal airflow. From Figure 7-3c), the wind 

speeds at zones with dimensionless length 2.5 besides the building, 5 and 6 behind the 

building are all decreasing and it maintains the same wind speed for zone with dimensionless 

length 6 beside the building when lift-up design is implementing for this specific building 

configuration. Therefore, playgrounds, parks and other communal facilities should be located 

in zones with dimensionless length 5 besides the building, 2.5 and larger than 6 behind the 

building for a better wind environment. In order to maximise the benefit of lift-up design on 
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increasing airflow and reducing pollutant when the line source is located downstream of the 

building, it is recommended to use supplementary mechanical ventilation as well.  

 

a) SB V’s SB with lift-up 

 

b) RB V’s RB with lift-up 
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c) PB V’s PB with lift-up 

Figure 7-7. Concentration distribution for downstream line source for different building 

configurations with and without lift-up design 

7.4 Summary 

The general air flow and pollutant dispersion have been studied and compared for singular 

building, a row of buildings and podium building with and without the lift-up design. The 

releasing source has been located upstream and downstream of the building. It was found that 

lift-up design can improve the natural ventilation at the pedestrian level with lift-up design 

for a singular building and a row of buildings. The majority of the areas benefit with 

increased mean wind speeds from the lift-up design for the singular building. The lift-up 

design increases the mean wind speeds for most of the zones apart for zone with 

dimensionless length -1.5 and 1 for a row of buildings. For the podium building with lift-up 

design, zone with dimensionless length 1 has the most enhanced wind improvement of 30% 

compared to podium building alone. Fortunately, there is no LWS for singular building, a 

row of buildings and podium building with or without the lift-up. Interestingly, no matter 
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whether the pollutant source is located upstream or downstream of the building for singular 

building, a row of buildings or podium building, the reattachment length happened at the 

zone with dimensionless length 2.5.  

When the line source is placed upstream of the buildings, the lift-up design will generally 

result in higher pollutant concentrations compared to the non-lift-up case. The highest 

concentration normally occurs at upstream of the building for all the cases when the source is 

releasing at the upstream side. For the singular building with lift-up design, all the zones have 

higher concentration level than the non-lift-up design, while the wind speed for all the zones 

are higher as well with the lift-up design. None of zones are suitable for locating communal 

facilities where public health is susceptible to poor air quality. For a row of buildings with 

lift-up design, apart from zones with dimensionless length 2.5 behind the buildings and with 

dimensionless length 5 besides the buildings, the remaining zones all have higher 

concentration levels than the non-lift-up design as well. As zones with dimensionless length 

2.5 behind the buildings and with dimensionless length 5 besides the buildings for a row of 

buildings with the lift-up design have higher wind speed as well, therefore they are suited to 

accommodating communal facilities. But the podium building with the lift-up design has 

higher concentrations in only some of the side and downstream zones. None of the zone has 

lower concentration level and higher wind speed with lift-up design to place communal 

facilities. In general, building geometry and sizes could be one of important factors affecting 

the pollutant dispersion. The smaller the building size generally results in higher pollutant 

concentrations, and vice versa.  

Higher pollutant concentration levels for all the building cases with or without lift-up design 

can be obtained when the pollutant source is located downstream compared to the situation 

with the upstream line source. For the singular building with lift-up design, the concentration 

level is increasing for the side zones which are zone with dimensionless length 2.5 and 5 
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besides the building, but reducing for most downstream zones apart from zone with 

dimensionless length 5 behind the building. Also, the higher the airflow downstream of the 

singular building with lift-up design is, the lower the pollutant concentration level. But the 

side area is an exception, the normalized concentration increase even when mean wind speed 

is higher for the building with lift-up design. Therefore, it is suggested to place the communal 

area in zone with dimensionless length 2.5, 6 and larger than 6 behind the building. For all 

the zones apart from zone with dimensionless length 5 besides the building, the concentration 

level is increasing as the airflow is increasing for a row of buildings with the lift-up design. 

Therefore, the lift-up design for this type of building configuration can directly endanger the 

health of the pedestrians when the source is located on the downstream side. The lift-up 

design for the podium building is the most effective building configuration studied to reduce 

the normalized concentration when the pollutant source is emitting at the downstream side of 

the building. After considering the effects of pedestrian mean wind speed and concentration 

level, playgrounds, parks and other communal places should be located in zones with 

dimensionless length 5 besides the building and with dimensionless length 2.5 and larger than 

6 behind the building.  

From the pollutant dispersion results, it was found with the upstream line source, pollutant 

concentrations are generally increasing for all the building types with lift-up design. But the 

downstream line source decreases pollutant levels when the lift-up design is used. If there is a 

major source of pollutant such as a chemical plant upstream near to a group of buildings with 

activities in the open plan area of the lower floor, the lift-up design is not recommended as 

pollutant level might be even higher.  But if the chemical plant is quite far away from this 

group of buildings and the building is located downstream of the pollutant source, lift-up 

design might be able to reduce the pollutant levels, but detailed studies needs to be done to 

validate this. For these pollutant studies, since the measurement equipment took too much 
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time, therefore, very limited amount of information is generated. Therefore, using CFD to 

simulate more pollutant measurement points and to measure the pollutant dispersion situation 

in a real city or street canyon are strongly recommended.  
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Chapter Eight: Concluding Remarks and Recommendations 

In this research, mechanics of the vehicular pollutant dispersion, the distribution of the wind 

speed and the surface pressure of singular building (SB), a row of buildings (RB) and podium 

building (PB) were thoroughly identified inside the wind tunnel under the same weather 

condition first. This was based upon the lowest wind speed cases selected from Tsang et al’s 

(2012) work. With the introduction of lift-up design, the building surface pressure, pedestrian 

wind speed distribution and pedestrian vehicular pollutant dispersion have been compared 

and evaluated from those three building types alone and with the lift-up design. Therefore, 

the effects of implementing the lift-up design for these three building configurations had been 

assessed. The results for the three aspects demonstrated in this work can lead to the architects, 

engineers or even policy makers to developing a more targeted and effective urban buildings 

designs to minimise undesirable living conditions for the occupants or pedestrians.  

8.1 Conclusions 

8.1.1 Surface pressure distribution and natural ventilation potentials 

The experimental results for the surface pressure distribution of lower floors of singular 

building, a row of buildings and podium building with or without lift-up design had been 

described. Meanwhile, the ventilation potentials of the various lower floors for these building 

configurations had also been evaluated. The main findings are summarised below: 

• The highest cross ventilation potential for the singular building was found on the first 

floor, while the smallest cross ventilation was found at fourth floor for singular 

building. With the lift-up design, seventh floor had the lowest cross ventilation, while 

third floor had the highest cross ventilation. The lift-up design was helpful for 

improving the ventilation potential for the occupancies in the lower floors of a cluster 
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of building or a slab of building. But its effect is less noticeable for the first floor or 

slightly above. For the higher floors, the ventilation potential decreased instead.  

• The pressure pattern for the lower part of the building for RB1 and RB2 were similar. 

With the lift-up design, it lowered the negative pressures and some positive pressures 

were generated at the centre of the leeward façade. The ventilation potential for all the 

lower floors for RB1 and RB2 could be improved by utilising the lift-up design. But 

the ventilation potential of the central part of RB1 slightly decreased using the lift-up 

design compared to RB1 alone. RB2 with lift-up increased the pressure differences 

for the different floors more than RB1 with lift-up. According to the study, it has 

observed that RB with the lift-up design is the building configuration that can produce 

more cross ventilation than other building configuration.  

• The lift-up design increased the negative pressures at the upper and lower floors near 

to the centre of the building of the leeward façade. But it decreased the negative 

pressure at the upper and lower floors near to point C of the leeward façade. 

Ventilation potential increased more obviously for first to fourth floor when lift-up 

design was employed for podium building. But ventilation potential changes were less 

apparent for 5
th

 to 7
th

 floor when lift-up design was used for podium building.  

8.1.2 Pedestrian wind environment 

The general features of the low and gust wind speed areas around singular building, a row of 

buildings and podium building with and without lift-up designs by using the weather data 

from two extreme months (August and December which were the hottest and coldest month 

of 2013) in Hong Kong were identified from the wind tunnel studies. The key findings are 

summarised as follows: 
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• It was found that there is an improvement for the low speed areas at the pedestrian 

level with lift-up design for singular building and a row of buildings. But for the 

podium building where wind speeds are generally greater, the lift-up design does not 

necessarily improve the pedestrian level wind environment. 

• In terms of discomfort caused by a strong wind environment, the lift-up design brings 

a significant increase of the normalized gust wind speed, particularly for the singular 

building. There are more areas of wind discomfort created by the lift-up design 

compared to one without. But the downstream low wind speed environment is 

substantially improved with better natural ventilation. The variations of the 

normalized gust wind speed between a row of buildings with and without the lift-up 

design is very minor. With the introduction of the lift-up design in the podium 

building, there is a significant change in the gust wind speeds adjacent and upstream 

of the building but downstream is largely very similar. 

• Beneath the singular building and podium building with lift-up, there is significant 

likelihood of discomfort caused by strong winds. 

• For a tropical and sub-tropical climate, a lift-up design for a slab building or a cluster 

of buildings may be considered by architects or urban planners as an effective means 

to improve air movement for pedestrians. But conversely, excessive air movement 

due to strong winds would also need to be considered. Central cores of the buildings 

should not be placed too close to each other to avoid generating discomfort zones due 

to the channel effect. In a temperate or cold climate, the lift-up design may not be 

desirable when increased wind speeds coupled with low temperature may cause 

additional discomfort to pedestrians. A lift-up design for a row of buildings for 

enhancing pedestrian level wind is not as noticeable as for a singular building; the 

arising normalized gust wind speed with lift-up design is minor as well. Basically, the 
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wind environment is fairly unchanged if a 3.5m lift-up design in implemented. The 

podium building with lift-up design improves air flow in selective areas without 

causing additional wind discomfort zones to pedestrians. 

8.1.3 Pedestrian thermal comfort 

The general features of thermal environment around singular building, a row of buildings and 

podium building with and without lift-up designs were identified from the wind tunnel 

studies. The key findings are summarised as follows: 

• In summer, only positive thermal sensation for all the zones at the pedestrian level for 

singular building with lift-up or not is discovered. Singular building is the most 

efficient building configuration among the three to apply lift-up to improve thermal 

sensation at the pedestrian level. A row of building with the lift-up design is only 

useful to improve the thermal environment for certain zones at the pedestrian level, 

particularly for the downstream level. For podium building, lift-up design does not 

improve the thermal environment for the pedestrians much in summer.  

• In winter, generally speaking, all of the zones for singular building with and without 

lift-up design have negative values for thermal sensation at the pedestrian level. 

Singular building with or without the lift-up design can provide the most comfort 

thermal environment among the three building configurations in winter, particularly at 

the side area of the building. Lift-up design does not benefit so much significantly for 

singular building or a row of building at the pedestrian level under the winter climatic 

conditions, but it does benefit for quite reasonable amount of zones at the pedestrian 

level for podium building under the winter climatic conditions.  
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8.1.4Pedestrian pollutant dispersion  

The general air flow and pollutant dispersion have been studied and compared for the 

singular building, a row of buildings and podium building with and without the lift-up design. 

The releasing pollutant source was located both upstream and downstream of the buildings in 

the wind tunnel studies. 

• Interestingly, no matter whether the pollutant source is located upstream or 

downstream of the building for singular building, a row of buildings or podium 

building, the reattachment length happened at the zone with dimensionless length 2.5.  

• When the line source is placed upstream of the buildings, the lift-up design will 

generally result in higher pollutant concentrations compared to the non-lift-up case. 

None of zones are suitable for locating communal facilities where public health is 

susceptible to poor air quality for singular building with lift-up design. For a row of 

buildings with lift-up design, zones with dimensionless length 2.5 behind the 

buildings and with dimensionless length 5 besides the buildings are suited to 

accommodating communal facilities. But none of the zones for podium building with 

lift-up design are suitable for locating communal facilities. In general, building 

geometry and size is one of the important factors affecting pollutant dispersion. A 

smaller building size generally results in higher pollutant concentrations .  

• Higher pollutant concentration levels for all the building cases with or without lift-up 

design are obtained when the pollutant source is located downstream compared to the 

situation with the upstream line source. For the singular building with the lift-up 

design, it is suggested to place the communal area in zone with dimensionless length 

2.5, 6 and larger than 6 behind the building. The lift-up design for a row of buildings 

can directly endanger the health of the pedestrians when the source is located on the 
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downstream side. The lift-up design for the podium building is the most effective 

building configuration studied to reduce the normalized concentration when the 

pollutant source is emitting at the downstream side of the building. After considering 

the effects of pedestrian mean wind speed and concentration level, playgrounds, parks 

and other communal places should be located in zones with dimensionless length 5 

besides the building and with dimensionless length 2.5 and larger than 6 behind the 

building.  

8.2 Recommendations for the Further Studies 

The present work should be further extended for a better understanding of air flow and 

pollutants dispersion around SB, RB and PB with and without lift-up design under more 

complex conditions and investigate more effective strategies on improving pollutant 

dispersion, more comfortable wind environment and better ventilation potential of different 

building types. The following recommendations are given.  

As the investigations were based on 3.5m lift-up height, additional studies are recommended 

to further determine the effectiveness of the lift-up design by considering the influence of lift-

up height, spacing between cores, interference/shielding by upstream and/or downstream 

buildings, and angle of wind incidence. These studies can give readers a better insight into 

how the lift-up design influences different building geometries and configurations. Modelling 

an actual urban environment is suggested for future studies to understand its effects on real 

world cases, particularly in known problem areas where the resulting conclusions can 

possibly provide solutions for implementation. 

Furthermore, in terms of thermal comfort evaluation, two predictive formulas were based on 

experimental data directly under the sun. Cheng et al. (2010) did not carry out any research 

for the experiments in shade. It is necessary to conduct some surveys and experiments with 
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shading devices to derive further formulae which should represent the real world situations 

more precisely.  

Extreme weather conditions are recommended to study how the lift-up design behaves under 

these conditions. Initial studies could be based on the SB, RB and PB then could be expanded 

to an array of the buildings in various configurations and permutations. These studies are 

recommended for modelling using the wind tunnel or an accurate CFD model, such as an 

LES turbulence model with higher order numerical simulations. 

On-site physical building model measurement is recommended, such that the accuracy of 

both methods can be compared and evaluated.  

Only some recommendations have been provided as there are limited information. More 

recommendations will be given after the further CFD simulation results are given. 
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Appendices  

Appendix 1:  

 

Figure 3-1. Plan view of pressure measurement of a row of buildings 

 

Figure 3-2. Front view of pressure measurement of a row of buildings 
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Figure 3-3. Plan view of pressure measurement of a row of buildings with lift-up design 

 

Figure 3-4.  Front view of pressure measurement of a row of buildings with lift-up design 
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Figure 3-5. Plan view of pressure measurement of a row of buildings with podium 

 

Figure 3-6. Front view of pressure measurement of a row of buildings with podium  
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Figure 3-7. Plan view of pressure measurement of a row of buildings with podium and lift-up 

design 

 

Figure 3-8. Front view of pressure measurement of a row of buildings with podium and lift-

up design 
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Figure 3-9. Irwin Probes Distribution for a row of buildings with and without lift-up design 
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Figure 3-10. Irwin Probes Distribution for podium building with or without lift-up design 
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Figure 3-11. Pressure distribution for a row of buildings with or without lift-up design when 

line source lined upstream 
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Figure 3-12. Pressure distribution for a row of buildings with or without lift-up design when 

line source lined downstream 
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Figure 3-13. Pressure distribution for podium buildings with or without lift-up design when 

line source lined upstream 
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Figure 3-14. Pressure distribution for podium buildings with or without lift-up design when 

line source lined downstream 
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