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ABSTRACT 

 Air pollution and urban heat island become worldwide growing concerns, which 

can directly affect public health. Optimal urban design is a promising method to create 

a more thermally comfortable and cleaner (less air pollution) outdoor urban 

environment. However, most of the previous papers focused on either thermal comfort 

or air quality only; only very limited studies addressed them simultaneously. Under 

certain cases, the impacts of some urban designs on thermal comfort and air quality 

present opposite trends. This thesis therefore performs a systematic investigation of 

optimal urban design on thermal comfort and air quality under the same framework to 

identify critical design parameters. To achieve the research objective, two sub-works 

are carried out: 1) exploring the influence of urban morphology, including the frontal 

area density of urban arrays and height-asymmetric street canyon configurations, 2) 

investigating the effects of local mitigation strategies, including the building setbacks 

and tree plantings.  

 First, the investigation on frontal area density λF suggests that with an increase in λF, 

the physiologically equivalent temperature (PET) decreases above most of the 

sidewalks during the daytime, while only a steady reduction of air quality is observed 

above the west and east sidewalks of spanwise streets. According to the multivariable 

regression analysis for Hong Kong, the building density should have a λF value between 

0.82 and 0.84 to realize PET <38 °C and CO concentration < 30000 μg/m3 at the same 

time in the daytime in June. 

 Second, the investigation on height-asymmetric street canyon configurations 

indicates that for the step-up canyon (the upwind building is lower than downwind 

building), a higher upwind building is found to produce a hotter air temperature only at 

a low wind speed and pollute more severely at both high and low wind speeds, 

compared with its lower upwind building counterpart. In contrast, for the step-down 

canyon (the upwind building is higher than downwind building), a higher downwind 

building is found to produce cooler air temperatures at both high and low wind speeds 
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and accumulate more pollutants only at a low wind speed, compared with its lower 

downwind building counterpart. On the other hand, at the high wind speed, both air 

quality and thermal environment are better in the step-up canyon than in the step-down 

canyon. However, at the low wind speed, the air quality is higher in the step-down 

canyon than the step-up canyon, while the step-up canyon still provides a better thermal 

environment than the step-down canyon.  

 Third, several design parameters of building setbacks are considered, i.e., the 

dimensionless height (HHS/W) and dimensionless width (DHS/W) for the horizontal 

setbacks (HS), as well as the dimensionless length (LVS/L) and dimensionless width 

(DVS/W) for the vertical setbacks (VS), where W and L are the street width and length. 

The research on the building setback demonstrates that the horizontal building setbacks 

are advocated within the low-rise street canyon, which simultaneously improves the 

thermal comfort and air quality. By manipulating its dimensionless vertical cross-

section area SHS (increasing SHS = HHS/W×DHS/W) and its dimensionless aspect ratio 

HHS/DHS (lowering HHS/DHS), the average PET can decline by up to 2.1 ℃ and the 

average pollutant concentration can reduce by up to 66% at the two-side pedestrian 

level. The vertical building setbacks are more suitable for creating a better outdoor 

environment for the high-rise street canyon. The dimensionless horizontal cross-section 

area SVS (= LVS/L×DVS/W) should be as large as possible so that the average PET can 

decrease by up to 0.7 ℃ and the average pollutant concentration can reduce by up to 

35% at the two-side pedestrian level. 

 Fourth, the investigations on the tree plantings suggest that increasing LAD (from 

0.5 to 2) results in a significant reduction of air temperature (up to 1.5 ℃), while it 

increases gaseous concentrations by up to 370%. The trees with LAD ≤ 0.5 are 

advocated since they hardly worsen the air quality but still induce a 0.5–1 ℃ reduction 

in air temperature. Increased Htrunk/H causes a lower concentration but a weaker cooling 

effect. Once Htrunk/H > 0.375, trees hardly increase concentrations compared to tree-

free cases. The trees with Htrunk/H ≥ 0.375 are suggested which still declines air 

temperature by up to 1.5℃. Increasing Wspacing/Wcanopy causes less pollutant 

accumulation but a poorer cooling effect. When Wspacing/Wcanopy ≥ 2, trees almost do not 
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worsen the air quality. The trees with Wspacing/Wcanopy ≥ 2 are recommended which still 

causes a 1℃ decrease in air temperature. 

  Besides, the influence of lateral entrainment is investigated. The results of this 

analysis demonstrate that lateral entrainment could conditionally reduce the pollutant 

concentration of low-rise canyons. This reduction, which is affected by lateral 

entrainment, is confined in a range of approximately 2.5 times the street width from the 

street ends. In contrast, the lateral entrainment causes a more pronounced reduction in 

the pollutant concentrations of the high-rise canyons. Besides, all three strategies can 

considerably facilitate the lateral entrainment, leading to a significant reduction in the 

cross-section pollutant concentrations (by up to 76%) and therefore a significant 

reduction in the personal intake fraction P_IF of the residents (by up to 81%). 

  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pollutant-concentration
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pollutant-concentration
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Chapter 1 Introduction 

1.1 Background and motivation 

 The recent decades have been characterized by ongoing global urbanization, which 

accompanies intensive global warming and renders the urban area susceptible to 

elevated temperature (i.e., the urban heat island (UHI)). It is predicted that the global 

average surface and air temperature in urban areas, will increase by 2.6– 4.8°C and 2– 

4°C at the end of this century, respectively [1]. As a result, this more irresistible extreme 

temperature and associated higher intensity of urban heat stress undoubtedly have 

negative effects on life’s quality of urban dwellers, especially during summer seasons 

[2,3]. In effect, this global warming phenomenon and UHI is rarely a stand-alone issue 

during intense and rapid urbanization, which is closely associated with other urban 

challenges such as urban air pollution. Air pollution also has become one of the 

worldwide growing concerns, especially in metropolises, which can directly affect 

public health (e.g., respiratory and lung diseases) [4]. Under this circumstance, there is 

a more imminent need to solve these two problems, which calls for the creation and 

maintenance of a more thermally comfortable and cleaner (less air pollution) outdoor 

urban environment. 

 In conjunction with full-scale field measurements and wind tunnel experiments, 

the application of computational fluid dynamics (CFD) simulation to the urban 

environment has been endorsed as a powerful tool to cover a range of topics involving 

thermal comfort and air quality [5–10]. Urban wind flow affected by thermal effect 

could be investigated via two groups of methods. One is full-scale measurements and 

reduced-scale wind-tunnel experiments, and the other group is a numerical simulation 

with Computational Fluid Dynamic (CFD). These approaches have their advantages 

and disadvantages. For full-scale measurement, it could obtain the real-life data under 

real atmospheric boundary layer conditions [11], but it is relatively difficult to derive 

the pattern of urban wind flow without the impact of inherently uncontrollable and 

unsteady meteorological [12]. And the tremendous expense of this method goes into 
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offering a whole image of the flow field because it should be performed in considerable 

discrete positions equip many samplers and receptors [13]. For the wind-tunnel 

experiments, it provides more controllable initial and boundary conditions, but it also 

has the technical difficulties in setting realistic uneven surface temperature under the 

impact of solar position and shading effect. Thus, the wind tunnel experiment could be 

a powerful reference experiment to validate the CFD simulation [14], but it is fairly 

difficult to investigate the urban wind flow affected by realistic thermal effects. To 

overcome these limitations, CFD simulation is also a useful tool to fully control the 

initial and boundary conditions considering realistic thermal effects. Meanwhile, it is a 

cost-effective way to predict reasonably the whole image of the urban wind field. Thus, 

the CFD method was adopted to investigate the thermal comfort and air quality problem 

mentioned above. Table 1.1 provides an overview (23 papers) of the studies on thermal 

comfort and air quality by using the CFD technique, listed in chronological order. Even 

if not all the related studies are included in this table, it tries to summarize the main 

measures to improve thermal comfort and air quality.  

As summarized in Table 1.1, three main measures for improving the thermal 

comfort and air quality have been studied in the literature: a) changing the surrounding 

environment parameters, consisting of ambient wind parameters (wind velocity 

[15,18,22,23] and direction [19,20]), and the distribution and strength of surface 

thermal fluxes (e.g. thermal stratifications [18,21,22] and thermal position (or solar 

position) [17,20,23,24]); b) altering urban morphologies (urban density (e.g. aspect 

ratio of street canyon [13,16,18,21,25,26], frontal area density [27], and planar area 

density [13,28],) and urban heterogeneity (e.g. deviation of building height [27] and 

urban skyline configuration [29]); c) implementing local mitigation strategies 

(optimizing local features of buildings (e.g. lift-up design [30] and building setback 

design [31]), adding extra devices/facilities (tree planting [26,32,33], artificial pollutant 

source [34], and shade facilities [35]), and changing thermal properties of building 

materials [36,37]). All three measures are directly related to thermal comfort and air 

quality. From an urban planner standpoint, the latter two measures tend to be a more 

controllable factor in the pursuit of a better outdoor environment. Consequently, this 
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thesis attempts to investigate the optimal urban morphologies and local mitigation 

strategies. The outcomes will facilitate our understanding of the enhancement of 

pollutant and heat dispersion and enable us to create a better outdoor thermal 

environment and air quality at the same time. 

Table 1.1 Overview of studies on urban microclimate problems in the built environment 
Study Ref. Focus Sensitivity analysis 

Xie et al. (2007) [25] Air quality b (Aspect ratio of street canyon) 
Xie et al. (2006) [15] Air quality a (Thermal stratifications & wind velocity) 

Buccolieri et al. (2010) [28] Air quality a (wind velocity) & b (Planar area density)  
Memon et al. (2010) [16] Thermal comfort a (Aspect ratio of street canyon) & b (Thermal stratifications) 

Zhang et al. (2011) [19] 
Air quality & 

Thermal comfort 
b (Frontal area density) 

Hwang et al. (2011) [35] Thermal comfort c (Shade devices) 
Hang et al. (2012) [27] Air quality b (Deviation of building height) 
Qu et al. (2012) [36] Air quality a (Thermal stratifications) & c (Building material) 
Vos et al. (2013) [32] Air quality c (Tree filtering capacity) 

Santiago et al. (2014) [23] Thermal comfort a (Thermal stratifications & thermal position) 
Ramponi et al. (2015) [13] Air quality a (Planar area density) 

Tan et al. (2015) [17] Air quality c (Thermal stratifications, thermal position & wind velocity) 
Nazarian and Kleissl (2016) [24] Air quality a (Thermal position) 

Liu et al. (2016) [30] Thermal comfort c (Lift-up design) 
Mei et al. (2016) [21] Air quality b (Aspect ratio of street canyon) & a (Wind velocity & Thermal stratifications) 
Lin et al. (2016) [18] Air quality b (Aspect ratio of street canyon) & a (Thermal stratifications) 

Nazarian et al. (2017) [20] Thermal comfort a (Thermal position & wind direction) & b (Frontal area density) 
Yang et al. (2017) [38] Thermal comfort a (Wind velocity) 
Juan et al. (2017) [31] Air quality c (Building setback design) 
Sun et al. (2017) [26] Thermal comfort c (Tree coverage ratio) 

Wang and Ng (2018) [22] Air quality a (Thermal stratifications) 
Taleghani et al. (2018) [37] Thermal comfort c (Building material) 

Dash and Elsinga (2018) [34] Air quality c (Artificial pollutant source) 
Mei et al. (2019) [29] Air quality b (Urban skyline configuration)  

Wang et al. (2020) [33] Air quality c (Tree coverage ratio) 

The entry “Sensitivity analysis” refers to different aspects that have been investigated in each study: (a) surrounding environment parameters (ambient 

wind velocity and direction, thermal stratifications and thermal position), (b) urban morphologies (urban density, e.g., frontal area density and planar 

area density and urban heterogeneity, e.g., deviation of building height), and (c) local mitigation strategies (optimizing local features of buildings, 

creating a pollutant sink and a cooling source, adding shade facilities, and changing thermal properties of building materials)  

1.2 Literature review 

1.2.1 Effects of urban morphology 

1.2.1.1 Effects of urban density 

Urban density is more than just a ratio that affects the resource efficiency or 

livability of cities. It also considerably impacts the pollutant distribution and thermal 

environment in the urban context. This section reviews the effects of urban density 

(frontal and planar area density) on air quality, as well as thermal comfort. 

Typically, planar urban density is described by the building coverage ratio (BCR), 

which is the ratio of the buildings’ footprint area to the total area under consideration 
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[39]. Kubota et al. [40] found a negative linear correlation between BCR (%) and the 

average wind velocity at the pedestrian level. This result may be attributable to a 

reduction in the pressure difference between buildings, which limits the ventilation 

potential in areas of high urban density [28,41,42]. Therefore, it follows that there is a 

negative relationship between air quality and BCR [42].  

Srebric et al. [43] pointed out that it is more practical to classify urban using frontal 

area density (FAD) for the most densely populated cities, e.g., Singapore and Hong 

Kong. The reason is that the FAD reflects the height blockage in dense areas. Yang et 

al. [41] reported that the wind velocity increased with an increase in the FAD in the 

main street canyons (streamwise canyons) due to a strong “Venturi effect”, but it 

decreased gradually in the secondary street canyons (spanwise canyons). Thus, the 

average wind speed ratio at the entire pedestrian level decreased with an increase in the 

FAD, causing the accumulation of pollutants [44]. Shi et al. [45] found that an increase 

in the FAD resulted in the reduction of the horizontal permeability of urban ventilation, 

further impeding the dispersion of airborne pollution. However, Nazarian et al. [20] 

found the thermal comfort did not change monotonically with FAD. With increasing 

FAD, direct exposure to solar radiation (mean radiant temperature) decreased 

significantly, while wind sheltering increased. Thus, the influence of the increasing 

shading effect on thermal comfort level could be set off by the reduced wind velocity. 

1.2.1.2 Effects of urban heterogeneity 

In urban arrays, the building height and the layout of buildings are rarely uniforms 

[157]. The irregular building geometry and non-uniform building spacing, height, and 

layout cause complex flow characteristics, which affect the dilution of pollutants. 

Therefore, it is crucial to obtain an in-depth understanding of the influence of urban 

heterogeneity (planar and frontal heterogeneity) and even utilize the heterogeneity to 

improve pollutant dispersion and thermal environment. 

The staggered layout of buildings is a typical non-uniform urban configuration, 

resulting in planar heterogeneity [46]. Bady et al. [47] observed that the flow structures 

of aligned and staggered layouts were fundamentally different. Under perpendicular 
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wind, the staggered arrays diverted airflow to downstream obstacles, whereas the 

aligned arrays caused a channeling flow. Accordingly, higher passive gaseous pollutant 

concentration was found in the staggered arrays due to their poorer ability to remove 

pollutants under this wind direction. However, for an oblique wind (θ =45°), the 

staggered array yielded better ventilation potential because the aligned blocks produced 

more circular vortices in this wind direction. Differently, Lin et al. [48] stated that the 

staggered arrays always yielded a lower ventilation efficiency than the aligned arrays 

under any wind direction (45° < θ < 90°). The possible explanation might be the 

different distances between two rows of building arrays (different planar building 

densities). Similarly, Jiang et al. [49] indicated that only by properly staggering the 

buildings, the staggered urban pattern could have a more superior thermal environment 

than the uniform urban pattern. 

Vertical urban heterogeneity is the result of differences in building heights. Cheng 

and Castro [50] demonstrated that the non-uniformity of the building height notably 

enhanced the vertical momentum transport compared with the uniform height model. 

Similarly, Hang and Li [51] pointed out that the ventilation of secondary streets 

benefited from a variation in the building height due to the stronger vertical mean flow 

at the rooftop. Accordingly, Hang et al. [52] concluded that suitable building height 

configurations improved the breathability level in high-rise urban areas. However, Lin 

et al. [48] observed that building height differentials weakened horizontal flows along 

the street, although the vertical air exchange was improved. Therefore, it is difficult to 

conclude the effectiveness of a non-uniform building height on urban ventilation. In 

addition, the effects of the building height are strongly spatially dependent [53]. 

1.2.2 Effects of local mitigation strategies 

1.2.2.1 Optimizing local features of buildings 

 In this section, two approaches to optimizing local features of buildings are 

reviewed, i.e., the lift-up design and building setback. Because both approaches are 
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believed to play positive roles in improving ventilation, thereby decreasing the 

accumulation of pollutants and heat in urban areas. 

The lift-up design of buildings is frequently used to enhance shading [54]. It creates 

a semi-open space underneath high-rise residential buildings as a public space for social 

activities [55,56]. The space created by the lift-up design can act as a wind corridor to 

increase urban wind circulation and mitigate negative health impacts [57,58]. Therefore, 

the wind speed nearby elevated buildings (removing low-floor building layers) is 

enhanced [59,60]. The benefits of integrating the lift-up design into existing buildings 

for improving ventilation conditions have been demonstrated. The wind tunnel 

experiments conducted by Xia et al. [61] indicated that the pedestrian-level wind (PLW) 

ventilation was better for a row of lift-up buildings and the PLW speed was almost 11% 

higher than that of the non-lift-up buildings. Therefore, it is reported that the lift-up 

design can result in a 34–50% reduction in the daily pollutant exposure [62]. Meanwhile, 

Du et al. [63] reported that the thermal comfort can be effectively improved by the lift-

up design, especially in summer. 

Two kinds of building setbacks have been assessed by different studies, in terms 

of removing air pollutants or reducing the UHI effect, i.e., the horizontal building 

setback and vertical building setback. The horizontal building setbacks, also known as 

the arcade design, are a unique architectural form, and popular in regions with hot and 

humid climates including China, Japan, and Malaysia. This design is primarily 

implemented as a half-open space by creating an outside corridor on the side of the 

main building [64]. The arcade can effectively provide a comfortable passage space for 

pedestrians, as well as improved ventilation [65]. Wen et al. [66] found that 

incorporating an arcade design into the ideal street canyon arrangements resulted in a 

60% increase in the air change rate per hour (ACH) in the pedestrian pathway layer 

(PPL) for perpendicular wind since the arcade design increases the total volumetric 

airflow rate into the PPL through the windward and arcade openings. Accordingly, 

Huang et al. [67] reported that the presence of the arcade contributed to a lower 

pedestrian-level pollutant concentration when compared with the reference case 

without an arcade. Besides the enhancement of ventilation, a field measurement 
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indicated that the air temperature within the arcade space was 3.9 °C lower than the 

outside sidewalk, thereby generating more pedestrian thermal comfort in summer [68]. 

This is because the arcade design is capable of offering this cooler space by sheltering 

from direct solar radiation (short-wave radiation) [35,69,70]. In addition to the typical 

horizontal building setback, Ng and Chau [71] reported that the vertical setback also 

improved the in-canyon air quality by enhancing the vertical dispersion of pollutants in 

the vertical setback area under a perpendicular wind. Moreover, the vertical setback 

could significantly reduce sunshine hours in the east-west street to create a cool resting 

space in summer [70]. Therefore, it can be concluded that both vertical and horizontal 

building setbacks undoubtedly have positive implications on air quality and thermal 

comfort. In practice, there is probably some opposite influences on the thermal comfort 

and air quality, when changing the geometry of the building setbacks. Huang et al. [72] 

found that increasing the height of the arcade was capable of improving ventilation at 

the measurement points. However, Yin et al. [73] suggested that the height of the arcade 

should be as low as possible; otherwise, the pedestrians started losing the protection 

from the thermal stress of solar radiation. 

1.2.2.2 Adding extra devices/facilities 

Besides improving ventilation to reduce pollutant concentrations or UHI intensity, 

mitigation of pollutants and heat can be achieved by adding extra devices/facilities. 

Powered by electricity, an electrostatic precipitator (ESP) improves the local air 

quality as an artificial pollutant sink. The potential of ESPs for air pollution exposure 

reduction has been demonstrated. ESPs were installed to ensure clean air in critical 

urban areas (such as hospitals or schools) to benefit particularly vulnerable people (such 

as patients or students) [74]. The ESPs were also installed near sources of high pollutant 

emissions, such as the major arterial roads or parking garages [75]. Boppana et al. [76] 

investigated the influence of an ESP installed in a typical street canyon in Singapore. 

A group of ESPs resulted in a 7.6% reduction in the average particulate matter (PM) 

levels. Similarly, Lauriks et al. [77] analyzed the pollutant removal by an ESP in an 

urban street canyon in Antwerp, Belgium. In locations with poor ventilation, the ESP 
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units significantly reduced the concentration level (up to 40%). Nonetheless, the ESP 

only can solely improve the air quality but does not contribute to better thermal comfort 

[78]. 

Differently, tree planting has the potential to achieve better air quality and thermal 

environment at the same time. It is conventionally deemed that there is a positive 

relationship between the increased tree coverage ratio and lowered air pollution at the 

city scale [79–82]. This is based on an underlying argument that trees have the capacity 

of filtering the air pollution to clean the air flowing through them, i.e. the deposition 

effect (the deposition of gaseous pollutants and PMs onto leaf surfaces) [32,83]. 

Therefore, tree planting is generally regarded as a natural pollutant sink to reduce 

pollutant concentrations in urban areas [84,85]. In effect, trees probably bring some 

unintended consequences and even potentially “pollute” the urban environment [32]. 

The deterioration of air quality is attributed to the aerodynamic effect of trees, which 

greatly obstructs the airflow and decreases air ventilation [86]. Under certain scenarios, 

the aerodynamic effects might set off the positive impact of trees on pollutant 

concentration as a natural pollutant sink.  

Trees also can directly lead to a reduction in air temperature using 

evapotranspiration as a cooling source. By releasing water vapor to the surrounding air 

from the leaf stomata during photosynthesis, the evapotranspiration effect will mediate 

the latent heat loss [87]. As a result of the conversion of liquid water to vapor, the leaf 

and the surrounding environment are cooled with the dissipation of the energy load on 

the leaf [88]. In addition to direct cooling by the evapotranspiration effect, trees can 

offer the shading effect. Most short-wave radiation by reflection and transmission 

through their leaves can be effectively removed, which leads to solar attenuation 

[89,90]. Therefore, it is reported that the presence of trees causes a reduction in air 

temperature between 0.6 and 2.5°C under the tree crown coverage in summer [91].  

1.3 Research gap and objective 

 Although previous studies have provided many findings regarding the design of 

urban morphology or local mitigation strategies for the realization of higher air quality 
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or a better thermal environment, they are still not sufficient for the formulation of 

guidelines for practical urban planning to reduce thermal stress and improve air quality 

simultaneously. First, the effect of solar radiation was neglected by most previous 

studies on these urban designs. In practice, the thermally induced flow is typically 

combined with the mechanically induced flow, which significantly affects the flow field 

and dispersion of pollutants and heat [24,92–94]. The conclusion obtained from the 

neutral condition may not be suitable when solar radiation is considered. Second, most 

of the papers focused on either thermal comfort or air quality only when solar radiation 

was considered; only very limited studies addressed the increasingly severe issues of 

air temperature and air quality simultaneously. Under certain cases, the impacts of some 

urban designs on thermal comfort and air quality are opposite in trend based on the 

results mentioned above. For instance, lower urban densities enhance the removal of 

pollutants [27,28], but a better thermal comfort state occurs at higher urban densities 

[20]. Hence, it is worth investigating the joint effects of these optimal urban design 

measures on air quality and thermal comfort. 

  Based on this background, the objectives of this thesis are to 1) study emissions 

from vehicle exhausts and the thermal environment considering the effects of solar 

radiation and thereby to evaluate the influence of optimal urban design on the pollutant 

concentration and thermal comfort level under the same framework; 2) identify critical 

design parameters for urban morphologies and local mitigation strategies that would 

enhance pollutant dispersion and improve the thermal environment for some tropical or 

subtropical cities suffering strong urban heat island effects and poor air quality (e.g. 

Hong Kong, Singapore, and Kuala Lumpur) [95].  

1.4 Thesis outline 

 Chapter 1 presents a brief description of the background and motivation, the 

literature review, the research gap, and the objective. The literature review mainly 

focuses on two aspects, namely, effects of urban morphology and local mitigation 

strategies, 
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 Chapter 2 presents the effects of frontal area density on outdoor thermal comfort 

and air quality. 

 Chapter 3 presents the effects of height-asymmetric street canyon configurations 

on outdoor air temperature and air quality. 

 Chapter 4 presents the effects of building setback on the outdoor thermal comfort 

and air quality in street canyons. 

 Chapter 5 presents the effects of tree planting on outdoor thermal comfort and air 

quality in street canyons. 

 Chapter 6 presents the effects of lateral entrainment on pollutant dispersion inside 

a street canyon and the corresponding optimal urban design strategies. 

 Chapter 7 concludes this thesis and provides recommendations for future studies. 
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Chapter 2 Effects of frontal area density on outdoor 

thermal comfort and air quality 

2.1 Introduction 

As discussed above, the urban density can be classified by its frontal area density, 

λF (defined as the ratio of the frontal area, AF, to the total surface area, AT; see Figure 

2.1(b)), or plan area density, λP (defined as the ratio of the plan area, AP, to the total 

surface area, AT). However, utilization of the frontal area density to represent the 

building arrays in the most densely populated cities is more practical, as numerous high-

rise buildings that cause height blockages can be found in urban areas such as Hong 

Kong, Singapore, and New York [43]. Based on previous literature, the typical frontal 

area density of Hong Kong ranges from 0.4 to 1.07 [51,52,57,96].  

Accordingly, the frontal density area will be chosen to study its influence on 

pollutant concentration and thermal comfort in the first place. In this chapter, the 

objective is to find out the critical frontal area density for the improvement of the 

outdoor thermal environment with reduced outdoor air pollution at the same time.  

2.2 Description of CFD simulations 

2.2.1 Description of case studies, computational geometry, and grid 

 The urban geometry under consideration is a 6×6 matrix of buildings with various 

frontal area densities λF (= 0.0825, 0.125, 0.25, 0.75 and 1.25), as shown in Figure 2.1 

(a) and (b). As mentioned earlier, λF is the ratio of the frontal area (AF) to the total 

surface area (AT). For various H (building height) at a fixed W (street width) of 20 [m], 

the corresponding aspect ratios, H/W, for the above λF are 0.33, 0.5, 1, 3, and 5, 

respectively. Apart from the effect of various λF, the calculations are conducted under 

steady-state weather conditions at a Local Solar Time (LST) between 7 and 17 on a 

clear summer day (June 15) in Hong Kong. 

The size and discretization of the computational domain are referred from the 

practice guidelines by Tominaga et al. [97]. Thus, the dimensions of the computational 
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domain are based on the parameter H as follows: the axial distance between the velocity 

inlet and windward faces of the first row of buildings is 5H, the spanwise ranges 

between the sidewalls of buildings and symmetric boundaries on both sides are all 5H, 

and the outlet boundary is 15H away from the leeward faces of the last row of buildings, 

as displayed in Figure 2.1(a). 

Besides, as depicted in Figure 2.1(a) and (c), the space among building arrays is 

separated into two kinds of street canyons, namely, the streamwise street canyon (St-

canyon) and the spanwise street canyon (Sp-canyon) [98]. In addition, this chapter 

adopts the space amid the central four buildings to replicate the scenario of any single 

building surrounded by many other buildings in Hong Kong. Since the distributions of 

the air temperature and wind velocity can vary significantly on different sidewalks due 

to the shadow effect, ten monitoring points on each sidewalk are chosen to examine the 

associated thermal comfort and air quality at the pedestrian level, as shown in Figure 

2.1(c). These points are arranged 1 m away from the building's surface and 1.5 m above 

ground (the pedestrian height).  

ANSYS/ICEM® is employed as a preprocessor to construct computational grids 

for our numerical models. Herein, this chapter implements fully structured hexahedral 

(HEX) cells to ensure the high quality of the computational mesh system. With 

consideration of the relatively large temperature and pollutant concentration gradients 

near the ground and building surfaces, the finest grids are arranged around these two 

kinds of walls. To conduct the mesh-independent study, the case of λF= 0.25 is referred 

to as the base model, with three different grid densities. For coarse/medium/fine meshes 

(with cell numbers of 3,569,046, 6,625,578, and 9,778,068, respectively), the finest grid 

sizes of 1/0.5/0.25 m are set directly above the ground and building surfaces. Then, the 

results of grid-sensitivity analysis discussed later indicate that the medium grid 

provides nearly grid-independent results, which can be further used for the remainder 

of this chapter. 
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Figure 2.1 (a) Geometric model, boundary conditions, sun positions (0800, 1200, and 

1600 LST), and schematic diagrams showing the pedestrian level and spanwise (Sp-

canyon, red) and streamwise (St-canyon, blue) street canyons. (b) Schematic diagrams 

showing the urban-like geometries investigated with increasing λF. (c) Schematic 

diagrams showing the monitoring points for thermal comfort and air quality. (d) 

Schematic diagrams showing the volumetric pollutant sources. 

2.2.2 Governing equation and turbulence model 

 The numerical analysis is based on the steady-state three-dimensional (3D) 

Reynolds-averaged Navier–Stokes (RANS) conservation equations of mass, 

momentum, and energy for the incompressible turbulent flow. The governing equations 

are given below: 

Continuity equation: 

 0i

i

u
x
∂

=
∂

 (2.1) 

Momentum equation: 
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Energy equation: 
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where ui denotes the air velocity component along the i axis; p, ρ, T, μ, μt, gi, and αT 

represent the pressure, density, temperature, dynamic viscosity, turbulent viscosity, 

gravity acceleration, and thermal diffusivity, respectively. To model the buoyancy-

driven flow, the Boussinesq approximation is adopted in the numerical model, ρ = ρref 

β(T-Tref) in Eq. (2.2), where β, Tref, and ρref are the thermal expansion coefficient, 

reference temperature, and reference density, respectively. In this chapter, the air 

density is treated as a constant value in all equations, except for the buoyancy term in 

the momentum equation.  

In addition, the species transport equation is solved to probe the pollutant 

dispersion in an urban environment as follows: 

 ( )i
t P

i i i

u Y YD D S
x x x

 ∂ ∂ ∂
− + = ∂ ∂ ∂ 

 (2.4) 

where D and Dt (= νt/Sct) denote the molecular and turbulent diffusion coefficients of 

pollutants. Here, νt is the turbulent viscosity, and Sct is the turbulent Schmidt number, 

which is set as 0.4 to account for the underestimation of the turbulent mass diffusion 

from the RANS models [99]. Y is the mass fraction of the pollutant distribution. Herein, 

we selected CO as a tracer gas, and SP is the source term for CO. The constant emission 

rate per hour and unit street length (36.1 [g/h/m], i.e., total mass release rate of Lp × 1.0 

× 10−5 [kg/s]) is adopted for each CO source with reference to Ng and Chau [71]. 

Considering the type and number of vehicles passing by a realistic street per hour in 

Mongkok, Hong Kong, Ng and Chau [71] calculated the pollutant release rate above.  

The simulation sensitivity checked by different turbulence models (standard, RNG, 

and realizable k-ε model) is performed against the wind tunnel experimental data. 

According to the validation study in Section 2.4, the RNG k-ε model is most suitable in 

this chapter to provide reliable predictions of the mean flows with the thermal effect 
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and pollutant dispersion. The RNG k-ε model, developed by Yakhot and Orszag [100], 

can simulate a wide range of turbulent flow phenomena to effectively characterize the 

airflow and pollutant transport in street canyons under the thermal buoyancy force 

effects [15,25]. The conservation equations of the RNG k-ε turbulence model for the 

turbulence kinetic energy (k) and dissipation rate (ε) are as follows: 
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where the production terms of the turbulent kinetic energy due to buoyancy (Gb) and shear 

(Pk) can be expressed as follows: 

 
Pr

t
b i

t i

TG g
x

µβ ∂
=

∂
 (2.7) 

 ( )ji i
k t

j i j

uu uP
x x x

ν
∂∂ ∂

= +
∂ ∂ ∂

 (2.8) 

Here, μt= Cμρk2/ε. The constants Cμ, σk, σε, Cε1, and Cε2 are 0.0845, 0.7194, 0.7194, 1.42 

and 1.68, respectively. The factor 3 tanh vC
uε = , where v and u are the velocity 

components of the flow parallel and perpendicular to the gravitational vector, 

respectively.  

2.2.3 Boundary conditions 

The flow of ambient wind over ideal urban street canyons is simulated under the 

effect of realistic solar heating. According to the observation data from the Hong Kong 

Observatory Weather Station (longitude: 22°18'07" N, latitude: 114°10'27" E and 

elevation of the ground above mean sea level: 32 m) [101], the hourly means of 

meteorological data in June in Hong Kong (for 20 years) are obtained for the inlet 

boundary condition. The wind speed occurs most frequently at 3 m/s from the east (90°) 

at a height of 32 m above sea level. The mean hourly air temperature is summarized in 
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Table A1.1, which is used for the setting of constant air temperature at the inlet of the 

domain. The profiles of the neutral Atmospheric Boundary Layer (ABL) velocity 

(UABL), turbulent kinetic energy (k), and turbulence dissipation rate (ε) are resolved as 

the incoming airflow conditions at the velocity inlet. 
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where *
ABLu is the ABL friction velocity for the calculation of inlet UABL, k, and ε, which 

can be computed from the reference wind velocity Uref = 3 m/s at a reference height zref 

(32 m) as follows: 
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where K and z0 are the von Karman’s constant (≈ 0.4) and the aerodynamic roughness, 

respectively. 

 To accurately resolve the surface temperatures of buildings, the radiative heat 

fluxes resulting from the significant solar radiation effect need to be computed. With 

the input of the specific time data and the global location, the accurate position of the 

sun can be calculated by the Solar Calculator dialog box of ANSYS/Fluent®, and its 

Ray-Tracing model can provide the incident radiation on those exposed surfaces. Thus, 

direct solar radiation is added to the energy equation as a source term. In other words, 

the thermal load resulted from the solar radiation will be applied as a boundary 

condition. Moreover, this chapter applies the discrete ordinates (DO) radiation model 

to evaluate the radiant heat fluxes between the surfaces since it is appropriate to account 

for the optical problems in a complex-geometry system with a high degree of accuracy 

[36]. As reported by Dugaria et al. [102], the DO model could yield a close coupling 

between wall temperature and radiative energy, in which the same mesh is adopted to 
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effectively cope with radiative transfer, energy, mass, and momentum conservation 

problems. The spectral optical and thermophysical properties of the involved materials 

are summarized in Table A1.2. In addition, the heat transfer coefficients (hc) of the 

building faces and ground are calculated by the following empirical correlation [38]. 

 5.7 3.8c airh V= +  (2.13) 

where Vair is the airflow velocity. 

 To calculate the pollutant concentration, eight uniform volume sources (width Wp 

= 2 m and length Lp = 20 m) are specified near the ground between z = 0 m and 0.5 m 

to represent traffic lanes in opposite directions on two sides of the street canyon, as 

shown in Figure 2.1(d). 

2.2.4 Solver settings 

 The aforementioned governing equations are discretized by the finite volume 

scheme in ANSYS/Fluent®. This chapter utilizes the pressure-linked equations-

consistent (SIMPLEC) numerical method for the pressure-velocity coupling. The 

second-order upwind scheme [103] is used to discretize both the convective terms and 

the diffusion terms. A double-precision solver is also selected for the CFD calculations. 

The convergence of the normalized residual errors of the energy equation is set to 10−9, 

whereas the convergence criterion of the remaining equations is set to 10−6. 

2.2.5 Grid sensitivity analysis 

 Figure 2.2 compares the predicted wind velocity and air temperature of the three 

calculation cases on the west (Sp-canyon) and north (St-canyon) sidewalks (average 

value of 10 monitoring points at each sidewalk) in Figure 2.1(c). The differences in the 

computed wind velocity on the north and west sidewalks are 8.3% and 9.5% between 

the coarse grids and medium grids, respectively. Alternatively, the corresponding 

discrepancies of the predictions on the north and west sidewalks are reduced to 1.5% 

and 2.3%, respectively, between the medium grids and fine grids. Although only 3.2% 

and 1.7% deviations in the air temperature on the north and west sidewalks occurred 
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between the coarse grids and medium grids, respectively, the differences in the 

computed air temperature are further reduced to 0.7% and 0.8% between the medium 

grids and fine grids, respectively. Due to intricate physical problems involved (short-

wave solar irradiation, long-wave radiation amongst building surfaces, and pollutant 

dispersion), almost 61 hours of central processing unit (CPU) time is required to reach 

a converged steady-state solution on an Intel Core® X900-3.47 GHz (128 GB RAM) 

high-performance workstation. Notably, the average y+ of the building surfaces and 

grounds are 1038.6 for the medium mesh, which is slightly higher than the upper bound 

of y+ (500) for the standard wall function recommended by An et al. [104]. Here, y+ is 

a dimensionless wall distance to judge the applicability of wall functions [105], 

/Ty u y ν+ = , where Tu  is the friction velocity, y is the absolute distance from the wall, 

and ν  is the kinematic viscosity. Although y+ of the fine mesh (519.3) could 

basically reach the requirement of y+, nearly 12 hours extra processing time is need for 

the convergence. As reported by An et al. [104], a suitable relaxation of the restriction 

in y+ value should be allowed, with a compromise made among the prediction accuracy, 

the numerical stability, and the computational time. Consequently, the medium grid 

(with a total cell number of 6,625,578), is considered reliable and adopted to perform 

the numerical analysis. Notably, the grid independence tests of other cases with various 

urban geometries are also conducted in the same manner before performing the 

numerical analysis.  

 
Figure 2.2 Grid-independent validation. 
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2.3 Description of thermal comfort simulation 

2.3.1 Rayman model 

 The Rayman model (version 1.2) [106] is a recently developed radiation and 

thermal comfort model [107]. This model has been widely adopted and extensively 

evaluated for outdoor thermal comfort in urban areas [108,109] with good validation 

[110,111]. The final output of the Rayman model is the assessment of the thermal 

comfort with the use of indices, such as the PET.  

 To calculate these thermal comfort indices, this model needs air temperature, wind 

velocity, time of day, global location at the point of interest, and sky view factor (SVF) 

as the input. The air temperature and wind velocity can be obtained from CFD 

calculations. With the time of day, global, and SVF as input, the Rayman model allows 

for the estimation of mean radiant temperature (MRT) via the calculations of the short-

wave and long-wave radiation fluxes. The MRT is most important parameter for human 

thermal comfort assessment [112]. The SkyHelios model [113] is used to generate 

virtual fish-eye images for the calculation of the SVF. Because ten observation points 

are used to characterize one sidewalk (see Figure 2.1(c)), 80 virtual fish-eye images in 

total are needed for the simulation case. Figure 2.3 shows some representative fish-eye 

images in the middle of the north sidewalk for different urban arrays. Finally, the 

thermal indices can be obtained at the pedestrian level after inputting personal data, as 

listed in Table A1.3.  

 
   λF = 0.0825      λF = 0.125        λF = 0.25        λF = 0.75         λF = 1.25     

Figure 2.3 Fish-eye images in the middle of the north sidewalk, obtained from 

SkyHelios. 
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2.3.2 Thermal comfort indices 

 To facilitate a deeper understanding of the influences of urban geometry and 

realistic solar radiation on the thermal sensation, the PET is a suitable evaluation index. 

The PET has been used regularly for the assessment of outdoor thermal comfort [114], 

considering the impacts of shortwave and longwave radiation fluxes in an outdoor 

environment on the energy budget of the human body [115]. One of its advantages is 

that it is a real climatic index describing the thermal environment in a thermal 

physiologically weighted manner [116]. Second, there is a good agreement with the 

thermal comfort perception of the interviewers in Hong Kong [117]. Third, the PET has 

a commonly known unit (℃) to measure the thermal stress on outdoor human 

pedestrians, which could easily be accepted by the public, who are generally not 

familiar with modern human-bio meteorological terms [118]. The thermal sensation of 

the PET can be summarized into different “thermal comfort ranges” based on the 

subjective thermal perception of local people [119,120]. For instance, Lin and 

Matzarakis [120] conducted a series of studies to define PET ranges in the hot and 

humid subtropical context of Taiwan. Due to similar behavioral adjustments of the 

residents and climatic conditions between Taiwan and Hong Kong, this chapter 

introduced the thermal sensation classification in Taiwan (see Table A1.4) as a criterion 

to evaluate the thermal environment above sidewalks. 

2.4 Validation study 

To the best of our knowledge, wind tunnel experiments considering both the 

pollutant dispersion and thermal effect simultaneously are not available. Accordingly, 

the thermal measurement data (wind velocity and air temperature) from the wind tunnel 

experiment by Uehara et al. [121] and the pollutant measurement data (pollutant 

concentration) from that by Meroney et al. [122] are employed separately to validate 

the present computational model in CFD simulations.  



 21 

2.4.1 Validation study of thermal effect 

 To validate the thermal effect of the current numerical model, this chapter refers to 

the wind tunnel experiment performed by Uehara et al. [121]. The reason to choose this 

wind tunnel experiment is that there is a similar order of magnitude for Richardson 

number (Ri, defined as gH(Tin-Tg/{(273.15+Tin)(Uref)2}) between this wind tunnel 

experiment (-0.21) and the following study case (around -1). Tg and Tin are the ground 

temperature and ambient temperature. Also, the Reynolds number is almost 6500 for 

the wind tunnel experiment. It is over the critical Reynolds number (=4000) to ensure 

the Reynolds number independence [123]. This wind tunnel experiment has 14 rows of 

simply shaped blocks with a characteristic height = width = length = 0.1 m for an aspect 

ratio of 1. The floor panel in the urban areas is heated to a constant Tg. In this validation, 

the settings of the CFD simulation are consistent with those of the wind tunnel 

experiment (e.g., the boundary condition and building geometry). Herein, we compare 

different turbulence models to find out which one is more suitable to predict the 

distribution of wind velocity and air temperature inside the street canyon with 

considering the thermal effect. The measured data in terms of the streamwise wind 

velocity and air temperature are obtained at the vertical section (z/H= 0–2) in the center 

of the street canyon between the fifth and sixth rows of the building arrays. 

 Figure 2.4 illustrates a comparison of the simulated vertical profiles of the (a) 

normalized streamwise velocity u/U2H and (b) temperature (T-Tg)/(Tin-Tg) (by the 

standard, realizable, and RNG k-ε models) with the experimental results from the wind 

tunnel tests. u and U2H are the streamwise velocity and mean wind speed at a height of 

2H, respectively. Clearly, all three turbulence models reasonably predict the streamwise 

flow velocities in the vortex recirculation region, with some discrepancies occurring at 

z/H = 1.25. Nevertheless, the normalized temperature simulated with the RNG model 

is in better agreement with that of the wind tunnel experiment than those of the standard 

and realizable k-ε models. The temperature profile predicted by the RNG model near 

the ground is very close to the wind tunnel data, suggesting good agreement of the sharp 

near-ground temperature gradient computed using the RNG model. Overall, the RNG 
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k-ε turbulence model demonstrates the best prediction capability for the study of 

thermal effects. 

 
       (a)                                  (b)  

Figure 2.4 Comparison of the simulated data with the wind tunnel data by Uehara et al. 

[46]. (a) normalized streamwise u/U2H and (b) normalized temperature (T-Tg)/ (Tin-Tg). 

SKE, RNG, and RKE denote the standard, RNG, and realized k-ε models, respectively; 

WT denotes the wind tunnel data. 

2.4.2 Validation study of pollutant dispersion 

 The current computational model for pollutant dispersion simulations is validated 

against the wind tunnel measurements conducted by Meroney et al. [122], who explored 

the street geometry effect on the dispersion of traffic pollutants within a two-

dimensional (2D) street canyon. Two wooden bars with height = width = 0.06 m were 

mounted across the whole wind tunnel, with the approaching wind direction 

perpendicular to the canyon axis. A ground-level pollutant line source (ethane, C2H6) 

parallel to the canyon axis was laid in the center of the canyon to represent traffic 

exhaust. Moreover, the pollutant was continually released at a steady rate of Qe. The 

reference wind speed, Uref, was recorded at a reference height of 0.65 m above the floor. 

To validate the predicted pollutant concentration, the settings of the CFD simulation 
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are consistent with those of the wind tunnel experiment. The predictions of the 

normalized ethane concentration * /ref eC CU HL Q=  are compared with the wind 

tunnel experiment data measured along the leeward and windward walls in the center 

vertical section of the canyon. Here, C is the volume fraction of ethane, and H and L 

are the height and the length of the buildings, respectively. 

As demonstrated in Figure 2.5, on the windward side, the standard k-ε turbulence 

model provides the best-simulated results, whereas the RNG and realizable k-ε 

turbulence models slightly overestimate the pollutant concentration. On the leeward 

side, the RNG k-ε turbulence model provides the best-simulated results, although it 

slightly underpredicts the pollutant concentration in the lower part of the street canyon. 

Generally, the RNG k-ε turbulence model is the most suitable for predicting the 

pollutant dispersion and thermal effects with reasonable accuracy simultaneously. 
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Figure 2.5 Comparison of the simulated data with the wind tunnel data by Meroney et 

al. [122]. SKE, RNG, and RKE denote the standard, RNG, and realized k-ε models, 

respectively, WT denotes the wind tunnel data, LS represents the data on the leeward 

side and WS represents the data on the windward side. 

2.5 Results and discussion 

2.5.1 Wind velocity and flow structure 

 First, the flow structures at various solar times (0800, 1200, and 1600 LST) are 

tested under λF= 0.25. The surfaces along the St-canyon are almost parallel to the solar 
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irradiation (see Figure 2.1(a)), causing a relatively minor change in the wall temperature 

and consequential flow structure. During the daytime, there are at most 0.4 ℃ and 1.7 

℃ changes in the mean surface temperature of south and north walls, respectively. 

Additionally, the channel flow almost dominates the St-canyon. In contrast, in the Sp-

canyon, the related change is more significant. An approximate 20 ℃ variation on the 

surfaces along the Sp-canyon is observed in Figure 2.6 and Figure 2.7. Accordingly, 

we will probe the distribution of the wall temperature and flow structure in the Sp-

canyon in the following discussion.  

 Figure 2.6 illustrates the predicted wall temperature and 3D streamlines in the Sp-

canyon. The location of these analyses is shown in the inset at the upper right corner. 

Distinct 3D-flow patterns are observed for these three solar times, attributable to the 

respective buoyancy-driven mechanisms resulting from the discrete wall temperature 

distributions. At 1200 LST, the solar radiation directly heats the ground, and the wall 

temperatures of leeward and windward surfaces are both symmetric in effect, leading 

to a lasting symmetric structure of the double-elevated eddies. In contrast, asymmetric 

wall temperatures are observed on either the leeward or windward surfaces at 0800 and 

1600 LST. Thus, similar asymmetric flow structures appear at 0800 and 1600 LST; the 

northern and southern parts of the Sp-canyon are occupied by the primary circulation 

and elevated eddies, respectively. This observation is supported by Nazarian and Kleissl 

[24]. They also revealed that a similar flow structure of a short Sp-canyon could be both 

found at 0800 and 1600 LST due to the strong influence from the St-canyon, under 

realistic non-uniform thermal forcing. Notably, this phenomenon can differ from that 

in some infinite street canyon cases based on the uniform wall heating assumption. 

Hence, the influences of λF on the flow structures are analyzed considering the 

symmetric (1200 LST) and asymmetric (0800 or 1600 LST) wall temperatures. 

Figure 2.7 shows the predicted wall temperature contours and 3D streamlines in 

the Sp-canyon (the orange area at the upper right corner of Figure 2.6) for various λF 

values at 1200 LST and 1600 LST. Under the symmetric wall temperature (1200 LST), 

the flow structure remains symmetric elevated eddies as λF increased. Under the 

asymmetric wall temperature (1600 LST), the flow structure first becomes asymmetric 
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and then become symmetric again as λF increased. When λF increases to 0.25, the 

shading effect on the west surface becomes significant, along with the increasing wall 

temperature on the north part of the east facade. This strong buoyancy force causes a 

primary vortex in the northern part of the street canyon. Thus, the airflow structure 

becomes asymmetric. When λF increases to 1.25, symmetric elevated eddies results, 

since most of the east surface is also subject to the shading effect, and the buoyancy 

force resulting from the high temperature on the north part of the east surface is not 

strong enough to generate another primary vortex. 

 
Figure 2.6 Predicted wall temperature and 3D streamlines in the Sp-canyon at various 

solar times for λF = 0.25. 
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Figure 2.7 Predicted wall temperature contours and 3D streamlines in the Sp-canyon 

for different frontal area densities at 1200 LST and 1600 LST. 

2.5.2 Thermal comfort 

2.5.2.1 Air temperature 

 First, the air temperature at the pedestrian level at various solar times (0800 LST, 

1200 LST, and 1600 LST) is tested under λF = 0.125. To elucidate the shading effect 

attributable to different solar positions, the black-dashed frames in Figure 2.8 indicate 

the regions shaded by surrounding buildings at different LSTs. Obviously, the shading 

effect is the most critical factor in the distribution of the air temperature. Thus, the air 

temperature at 1200 LST is significantly higher than that at 0800 LST and 1600 LST 

(2–4 ℃ higher in the Sp-canyon and 1–3 ℃ higher in the St-canyon). Meanwhile, the 

air temperature in the areas exposed to solar radiation (the west side at 0800 LST and 

the east side at 1600 LST) is 2–3 ℃ higher than in other regions. Therefore, the 

influences of λF on air temperature are analyzed considering the weak (1200 LST) and 

strong (1600 LST) shading effects in the following. 
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 Figure 2.9 illustrates the predicted air temperature at the pedestrian level for 

various λF values at 1200 LST and 1600 LST. At 1200 LST, the air temperature on the 

east and the west sidewalks first increases with λF because of the increasingly strong 

elevated eddies, which are adverse to the dispersion of heat, and then decrease due to 

the enhancement of ventilation and shading. The air temperature on the south sidewalk 

changes slightly with λF because this sidewalk is always exposed to solar radiation. The 

air temperature on the north sidewalk changes insignificantly with λF at first and then 

decreases by approximately 1 ℃ due to the increase in shading area. At 1600 LST, the 

air temperature on the north and west sidewalks remains nearly constant and then 

decreases by approximately 1–2 ℃ with increasing λF. The possible explanation is that 

these two sidewalks are always shaded at 1600 LST, and the reduction in air 

temperature is related to the increase in wind velocity for λF = 1.25. The air temperature 

on the south sidewalk first increases with λF and then decreases as a result of the wind 

shadow area. The air temperature on the east sidewalk reduces significantly by 

approximately 3 ℃ when λF increases to 0.25 since the east sidewalk begins to be 

completely shaded (the black-dashed frames started to cover the east sidewalk); then, 

it decreases slightly for λF = 1.25. 

 

Figure 2.8 Predicted air temperature contours at the pedestrian level at various solar 

times when λF = 0.125 (the black-dashed frames indicate the regions shaded by the 

surrounding buildings). 



 28 

 

Figure 2.9 Predicted air temperature contours at the pedestrian level for various λF 

settings at 1200 LST and 1600 LST (the black-dashed frames indicate the regions 

shaded by the surrounding buildings). 

Figure 2.10 summarizes the predicted average air temperature (over the 10 

monitoring points at the pedestrian level) for different λF values at 0800 LST, 1200 LST, 

and 1600 LST. Generally, the trends at 0800 LST and 1600 LST are again similar and 

very different from the pattern at 1200 LST. At 1200 LST, the air temperature on the 

four sidewalks first increases to λF = 0.25 and then decreases or changes only slightly. 

At 0800 LST or 1600 LST, the air temperature on the west or the east sidewalk 

decreases gradually with λF, especially when λF increases to 0.25. The air temperature 

on the south sidewalk first increases with λF and then decreases, but it gradually reduces 

with λF on the north sidewalk. 
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(a) Sp-canyon                    (b) St-canyon 

Figure 2.10 Predicted average air temperatures at the pedestrian level above the 

sidewalks in the (a) Sp-canyon and (b) St-canyon for different λF values at 0800 LST, 

1200 LST, and 1600 LST. 

2.5.2.2 PET profiles 

As shown in Figure 2.11, the mean PET development with λF at the pedestrian level 

on the four sidewalks (from 10 monitoring points on each sidewalk, as shown in Figure 

2.1(c)) shows the same tendencies as those of the wind velocity and air temperature. 

The PET at 0800 LST and 1600 LST still shows similar trends, with both being different 

from that at 1200 LST. For 1200 LST, the PET on the four sidewalks changes slightly 

with λF, and a sharp decrease (up to 5 ℃) occurs in the PET from λF = 0.25 to 0.75, as 

an apparent increase in the wind velocity lowers the PET, although the air temperature 

does not decline progressively. Nevertheless, the minimum PET is larger than 40 ℃ 

(hot level). For 0800 LST or 1600 LST, the PETs on the east, the west, and the north 

sidewalks tend to decrease with λF, and an evident decrease in the PET from λF = 0.125 

to 0.25 occurs for the west sidewalk at 0800 LST and the east sidewalk at 1600, possibly 

because the increase in λF strengthens the wind velocity and the shading effect and 

thereby causes the decrease in the PET. In addition, the apparent reduction in air 

temperature leads to a significant decrease in the PET (up to 6 ℃) when λF increases to 

0.25 on these three sidewalks. The PET on the south sidewalk escalates at an early stage 
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(λF ≤ 0.25) and then obviously declines (up to 7 ℃) because of the wind shadow area. 

In general, the warm level or the slightly warm level could be achieved when λF 

exceeded 0.75 at 0800 LST and 1600 LST. 

  

(a) Sp-canyon                             (b) St-canyon 

Figure 2.11 Predicted PET profiles at the pedestrian level above sidewalks in the (a) 

Sp-canyon and (b) St-canyon for different λF values at 0800 LST, 1200 LST, and 1600 

LST. 

2.5.3 Air quality 

Since the distribution of the CO concentration is directly related to the flow 

structure and wind velocity, the impact of λF on the CO concentration is also analyzed 

considering the symmetric (1200 LST) and asymmetric (0800 or 1600 LST) wall 

temperature cases. Figure 2.12 presents the predicted CO concentration contours at the 

pedestrian level for various λF settings at 1200 LST and 1600 LST. At 1200 LST, the 

CO concentrations on the north and south sidewalks decrease slightly with λF and then 

decrease dramatically due to the noticeable increase in wind velocity at large λF. The 

concentrations on the east sidewalk increase gradually with λF due to an increase in 

upward flow resistance and a decrease in buoyancy force. In contrast, the 

concentrations on the west sidewalk change slightly since the pollutants tend to 

accumulate on the east side (leeward side). At 1600 LST, the concentrations on the east 

and west sidewalks increase gradually due to the increase in upward flow resistance 
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caused by the elevated eddies, especially on the east sidewalk. The concentrations on 

the south sidewalk first increase and then decrease due to the wind shadow area. The 

concentrations on the north sidewalk decrease slightly with the increase in λF. 

 
Figure 2.12 Predicted CO concentration contours at the pedestrian level for various λF 

settings at 1200 LST and 1600 LST. 

Figure 2.13 summarizes the predicted average CO concentration (over the 10 

monitoring points at the pedestrian level above the four sidewalks) for different λF 

values at 0800 LST, 1200 LST, and 1600 LST. Similar trends of the pollutant 

concentration to those of the λF appear at 0800 LST and 1600 LST for each sidewalk. 

At 1200 LST, the CO concentrations on the north or south sidewalks only slightly 

decrease and then significantly decrease from 4100 μg/m3 at λF = 0.25 to approximately 

3000 μg/m3 at λF = 0.75. The CO concentrations on the west sidewalk are nearly 

unchanged. The CO concentrations on the east sidewalk increase notably when λF 

increase from 0.125 to 0.25 (from 18000 μg/m3 at λF = 0.125 to 24000 μg/m3 at λF = 

0.25). For 0800 LST or 1600 LST, the concentrations on the east or west sidewalks 

increase significantly; the concentrations on the south sidewalk first increase until λF = 

0.25 and then decrease; and a slight reduction in the concentration occurs on the north 

sidewalk. 
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(a) Sp-canyon                        (b) St-canyon 

Figure 2.13 Predicted average CO concentration profiles at the pedestrian level above 

the sidewalks: (a) Sp-canyon and (b) St-canyon for different λF values at 0800 LST, 

1200 LST, and 1600 LST. 

2.5.4 Multivariable regression analyses on thermal comfort and air quality 

To achieve better air quality and thermal comfort, the values of both the CO 

concentration and PET should be small. However, the trends of the average CO 

concentration at various LSTs on different sidewalks (Figure 2.13) are basically 

opposite that of the average PET (Figure 2.11). For example, for the south and north 

sidewalks, at 1200 LST, the average CO concentrations are lower than those at 0800 

LST and 1600 LST, whereas the average PET at 1200 LST is higher than those at 0800 

LST and 1600 LST. Therefore, the multivariable regression analyses become 

meaningful because we can evaluate the local thermal comfort and air quality 

simultaneously based on the regression outcomes.  

To generalize and sum up the correlation of the evaluation parameters of interest – 

normalized CO concentration and PET – with λF (from 0.0825 to 1.25) and the LST 

(0700 to 1700), 8 multivariable regression analyses for the four sidewalks are conducted 

among a group of dimensionless parameters based on all 50 cases simulated, as shown 

in Table 2.1. Herein, the CO concentration (C*) is normalized by the ambient wind 

velocity (Uref), reference height (H), and traffic emission rate (Qc), and the PET is 

likewise normalized by the ambient air temperature (Tref). 
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According to these 8 correlations, the local PET and CO concentrations for various 

LSTs and λF values could be obtained after inputting the ambient air temperature, 

ambient wind velocity, reference height, and traffic emission rate. Taking Hong Kong 

as an example, PET < 38 ℃ (warm level) and CO concentration < 30000 μg/m3 (1-hour 

threshold value of CO set by the Hong Kong Air Quality Objectives) for 70% of the 

daytime (0700 LST to 1700 LST) on all four sidewalks are introduced as criteria of the 

frontal area density. For PET < 38 ℃ in 70% of the daytime, λF should be higher than 

0.82, 0.52, 0.72, and 0.81 for the north, south, west, and east sidewalks, respectively. 

For CO concentrations < 30000 μg/m3 in 70% of the daytime, λF should be lower than 

1.25, 1.25, 1.25, and 0.84 for the north, south, west, and east sidewalks, respectively. 

Therefore, the building arrays should have λF values less than 0.84 but greater than 0.82 

to realize a CO concentration < 30000 μg/m3 and PET < 38 ℃ for 70% of the daytime. 

Principally, the correlations obtained with multiple dimensionless parameters can 

provide a meaningful reference for decision-makers and urban planners in formulating 

appropriate building density design policies to improve the outdoor thermal comfort 

and air quality at the pedestrian level. 

Table 2.1 Multivariable regression analysis for PET and CO concentration 

Index Sidewalk Correlation R2 
PET East 2 21.3 0.05 0.47 0.12 0.018 0.033F F F

ref E

PET LST LST LST
T

λ λ λ= − + + + − −
 

0.89 

West 2 20.33 0.899 0.37 0.22 0.017 0.03F F F
ref W

PET LST LST LST
T

λ λ λ= − − + + − −
 

0.92 

South 2 20.34 0.05 0.31 0.04 0.01 0.005F F F
ref S

PET LST LST LST
T

λ λ λ= − + + − − −
 

0.89 

North 2 21.02 0.23 0.43 0.04 0.017 0.001F F F
ref N

PET LST LST LST
T

λ λ λ= − − + + − −
 

0.87 

CO
 concentration 

East 
2

2 2* *
1639.08 -289.82 1485.65 +12.23 -25.91230.07ref

F F F
C E

C U H
LST LST LST

Q
λ λ λ= + + −

 
0.98 

West 
2

2 21394.52 144.52 240.68 777.76 10.03 4
* *

+ .1ref
F F F

C W

C U H
LST LST LST

Q
λ λ λ− +− −=

 
0.97 

South 
2

2 2* *
11.14 -31.57 138.43181. +1.31 0.3 88ref

F F F
C S

C U H
LST LST LST

Q
λ λ λ= + + −

 
0.99 

North 
2

2 2154.2 24.86 27.24
* *

155.71 +1.14 0.65ref
F F F

C N

C U H
LST LST LST

Q
λ λ λ−= + + −

 
0.99 
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2.6 Summary 

This chapter investigates the influence of the frontal area density (λF ranges from 

0.0825 to 1.25) of 3D building arrays on the thermal comfort and air quality at the 

pedestrian level above four sidewalks (north, south, east, and west) considering realistic 

solar irradiation. With the coupling of the ANSYS/Fluent® software and the Rayman 

model, we then obtained the outdoor parameters of the thermal comfort (PET) and air 

quality (CO concentration). The major results are as follows. 

(1) With the increase in λF, similar trends of the wind velocity, air temperature, 

PET, and CO concentration are observed at 0800 LST and 1600 LST, all of which 

differed from those at 1200 LST. 

(2) With the increase in λF, the PET on the four sidewalks decreases gradually, but 

the values are still higher than the warm level at 1200 LST. A steady reduction in the 

PET occurs on the east, west, and north sidewalks, but the PET on the south sidewalk 

increases until λF = 0.25 and then decreases. The PET could achieve a warm level when 

λF exceeds 0.75 at 0800 LST or 1600 LST. 

(3) With the increase in λF, a decrease in the CO concentration occurs on the south 

and north sidewalks, but the CO concentrations on the east and west sidewalks increase 

significantly and change slightly, respectively, at 1200 LST; the maximum 

concentration is lower than 30000 μg/m3 at 1200 LST. At 0800 LST or 1600 LST, the 

concentration first increases and then decreases on the south sidewalk; the maximum 

concentration is approximately 8000 μg/m3. The concentration on the east or the west 

sidewalk increases gradually and can exceed 30000 μg/m3 when λF > 0.25. 

(4) The elevated eddy is adverse to the updating of air, in contrast to the primary 

circulation. The elevated eddy in-between the buildings should, therefore, be 

minimized to improve the AQ. 

(5) Two multivariable regression analyses for all of the simulated cases are 

conducted. Two dimensionless parameters of the CO concentration and PET were 

correlated with the LST and λF separately. These correlations provide a reference for 

the design of urban density, which will improve the thermal comfort and air quality 
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simultaneously. In Hong Kong, the building arrays should have λF values less than 0.84 

but greater than 0.82 to realize a CO concentration < 30000 μg/m3 and PET < 38 ℃ for 

70% of the daytime in June. 
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Chapter 3 Effects of height-asymmetric street canyon 

configurations on outdoor air temperature and air quality 

3.1 Introduction 

 During the urban renewal process, there are always variations in terms of building 

height; thus, urban structures often present irregular building patterns in urban canyons 

[124]. However, the effect of the uneven building layout is often neglected. According 

to Gu et al. [125], studies that are based on uniform street canyon models cannot 

identify the flow structure in non-uniform street canyons. Consequently, investigation 

of the effects of asymmetric urban arrangement will facilitate our understanding of 

pollutant and heat dispersion in actual urban areas and enable us to create better outdoor 

environments at the phase of urban renewal. 

 Based on this background, the objectives of this chapter are 1) to simulate 

emissions from vehicle exhausts and the thermal environment under the effects of solar 

radiation; 2) to evaluate the effects of realistic solar radiation and the corresponding 

shading effects for various configurations (the step-up and step-down street canyons) 

under two different incoming wind conditions; and 3) to identify critical building 

configurations that will enhance ventilation and improve the thermal environment for 

some tropical or subtropical cities suffering strong urban heat island effects and poor 

air quality. 

3.2 Description of CFD simulations 

3.2.1 Description of case studies, computational geometry, and grid 

Two urban renewal processes that are associated with asymmetric street canyons 

are investigated in this chapter: 1) The high building that is present, the low building 

that will be rebuilt, and the height to which this low building should be rebuilt to realize 

our objectives will be explored. 2) One of the buildings of the asymmetric street canyon 

will be replaced by a higher building, and the side of the street on which it should be 

rebuilt will be investigated. 
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A step-up (or step-down) street canyon, as illustrated in Figure 3.1(a), is defined as 

a street canyon in which the upstream building height (H1) is smaller (or larger) than 

the downstream building height (H2) with a fixed street width of W = 20 m, a building 

width of Wb = 20 m, and a building length of L = 100 m. As illustrated in Figure 3.1 (b), 

four configurations with various asymmetric aspect ratios, which are defined as H1/ H2, 

were considered for these two urban renewal processes. In June, the wind speed of 

Hong Kong occurs most frequently at 3 m/s from the east (measured at the height of 32 

m above sea level) [101]. Considering the perpendicular wind generally yields a worse 

air quality within the street canyon [126]. The street orientation is set as a North-South 

direction (Figure 3.1(a)), accordingly.  

According to the practice guidelines by Tominaga et al.[97], the dimensions of the 

computational domain are based on the parameter Hmax (= max(H1, H2)= 60 m) as 

follows: the axial distance between the velocity inlet and the windward face of the 

upstream building is 5 Hmax, the transverse distances between the sidewalls of the 

buildings and the symmetric boundaries on both ends are all 5 Hmax, and the outlet 

boundary is 15 Hmax from the leeward faces of the downstream buildings, as specified 

in Figure 3.1(a).  

To ensure the high quality of the computational mesh system, the computational 

domain is constructed using structured hexahedral cells. A grid expansion ratio of 1.05 

in conjunction with the bi-geometric mesh law is set in both the vertical and horizontal 

directions in street canyons. Considering the relatively large gradients of the velocity 

and temperature near the ground and building surfaces, the finest grids around these 

two types of walls are deployed. Because the evaluation height should be located at the 

third or higher grid from the ground [46]. To conduct the mesh-independent study, the 

canyon (H1= H2= 20 m) is referred to as the base model, with three different grid 

densities. The minimum sizes for the coarse grid, the medium grid, and the fine grid are 

set to be 0.5m, 0.4m, and 0.3m, respectively. In this way, all these three grids have an 

adequate resolution (at least three cells from the ground) for resolving the airflow and 

the distributions of temperature and pollutants at the pedestrian level, which is 1.5m 

above the ground. The total cell numbers for the coarse grid, the medium grid, and the 
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fine grid are 0.5 million, 3.5 million, and 12.3 million, respectively. Therefore, the ratio 

of two consecutive cell numbers for grid refinement in the mesh independent study can 

be at least 3.4 [97].  

 

 
 Figure 3.1 (a) The geometric model and boundary condition and (b) various 

asymmetric street canyon configurations 

3.2.2 Numerical models 

 The commercial software ANSYS/Fluent® CFD software (Release 15.0) [127] is 

used to simulate the airflow of ambient wind over this isolated street canyon. The 

numerical analysis is based on the steady-state 3D RANS conservation equations of 

mass, momentum, and energy for the incompressible turbulent flow. RNG k-ε model is 

chosen in this chapter to provide reliable predictions of the mean flows with the thermal 

effect and pollutant dispersion. Besides, this chapter utilizes SIMPLEC numerical 

method for the pressure-velocity coupling. The second-order upwind scheme [103] is 

used to discretize both the convective terms and the diffusion terms. A double-precision 
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solver is also selected for the CFD calculations. The convergence of the normalized 

residual errors of the energy equation is set to 10−9, whereas the convergence criterion 

of the remaining equations is set to 10−6. 

3.2.3 Boundary conditions 

Simulations are conducted for steady-state weather conditions at LSTs (local solar 

times) of 8 am (0800 LST) and 16 pm (1600 LST) on a clear summer day in Hong Kong 

with two different inlet temperatures (27.3 ℃ for 8 am and 29.1 ℃ for 16 pm). As 

shown in Figure 3.1(a), the sun rises in the east in the morning (8 am) and sets in the 

west in the afternoon (16 pm). Additionally, two different incoming airflow conditions 

(0.5 m/s for low wind speed (supplement) and 3 m/s high wind speed (main 

consideration)) are considered for various Richardson numbers. The velocity inlet and 

the calculation of solar radiation are the same as the settings in Chapter 2.  

3.2.4 Grid sensitivity analysis 

Further, three types of meshes are tested under the same environmental conditions 

(0800 LST, Uref= 3 m/s, and Tin = 27.3 ℃). According to Table 3.1, the comparisons of 

average wind speed, air temperature, and pollutant concentration at the pedestrian level 

show that the corresponding mean deviations between the fine grid and medium grid 

are less than 4%, indicating that the fine grid and medium grid yield considerably close 

results. In contrast, the mean deviation between the predictions of average wind speed 

and pollutant concentration by the medium grid and those by the coarse grid are even 

more than 34%. Accordingly, the medium grid (with a total cell number of 3.5 million), 

is considered adequate and adapted to perform further numerical analysis.  
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Table 3.1 Mesh independence study (0800 LST, Uref= 3 m/s and Tin= 27.3 ℃). 

Cell 
numbers 

First-layer 
thickness 

(m) 

Maximum 
element 
size (m) 

Average wind 
velocity at 

pedestrian level 
(m/s) 

Average CO 
concentration at 
pedestrian level  

(mg/m3) 

Average air 
temperature at the 
pedestrian level 

(℃) 

0.5 million 0.5 5 0.832 3.156 28.197 

3.5 million 0.4 4 0.585 4.242 28.612 

12.3 million 0.3 3 0.562 4.309 28.731 

 

3.3 Validation 

 The in-canyon air temperature and wind speed and pollutant dispersion have been 

validated in Chapter 2. Besides, this chapter attempts to validate the wall temperature 

to further evaluate the numerical accuracy of solar radiation prediction. The surface 

temperature data are compared with the field measurements that were obtained by 

Idczak et al. [128], who explored the thermal conditions inside a street canyon in an 

industrial area of Guerville, France (48°56' N, 1°44' E) on a sunny day (July 28). In the 

field experiment (Figure 3.2 (a)), the measurements were conducted in three parallel 

scaled street canyons that consisted of four empty steel containers covered by cement 

panels, with a corresponding length of 18.3 m, a height of 5.2 m, and a width of 2.4 m. 

The width of the street was 2.1 m; therefore, the aspect ratio of the street canyon 

(defined as the ratio of the height of the building to the width of the street) is 

approximately 2.48. The street axis was oriented at an angle of 54° to the north. To 

evaluate the predicted thermal environment at 0800 LST and 1600 LST, the settings of 

the CFD simulation are consistent with those of the field measurement, including the 

physical model (Figure 3.2(c)), the inlet air temperature (19.2 °C for 0800 LST and 

28.3 °C for 1600 LST), wind speed (1.6 m/s for 0800 LST and 2.1 m/s for 1600 LST), 

and wind direction (south-west direction for both cases, almost parallel to the street 

axis). Meanwhile, the CFD validation cases share the same spectral optical and 

thermos-physical material properties of the container surface, including the specific 

heat (800 J/kg K), thermal conductivity (0.9 W/m K), and emissivity (0.95). The same 
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coordinate (48°56' N, 1°44' E) and the time (July 28) of field measurements are input 

into the solar calculator of ANSYS/Fluent® to yield similar short-wave solar radiation 

for the validation case. Finally, the predictions of the wall temperature are compared 

with the field measurements in the southern façade of the second container at two levels 

(the average wall temperature along two sections, z/H = 0.21 and 0.84, as shown in 

Figure 3.2(b)). 

The predicted wall temperature is in satisfactory agreement with the recorded field 

measurement data (Table 3.2). At 0800 LST, the upper part of the southern façade is 

directly heated by solar radiation, while its lower part is still shaded by the downwind 

building. Accordingly, the field measurement data show that there is a 3.5 ℃ higher 

wall temperature at z/H= 0.84 than that at z/H = 0.21 (Table 3.2). This non-uniform 

distribution of wall temperature is also well-predicted by the present CFD model (wall 

temperature at z/H= 0.84 is 4.5 ℃ higher than that at z/H= 0.21). Similarly, at 1600 

LST, the northern façade is directly heated by solar radiation while the upwind building 

shades the whole southern façade. Then, the air in the vicinity of the northern façade 

becomes hotter, and this hotter air further heats the southern façade along with the in-

canyon primary recirculation (from northern façade to southern façade near the ground). 

Accordingly, the field measurement results show that the wall temperature at z/H= 0.21 

is 0.3 ℃ higher than that at z/H= 0.87 (see Table 3.2). The present CFD model well 

catches this trend again (the wall temperature at z/H= 0.21 is 1.8 ℃ higher than that at 

z/H= 0.87). Generally, although there are still some differences between the predicted 

CFD results and field measurement data since the heat storage effects of the building 

walls are not considered, the prediction of the non-uniform wall temperature within the 

street canyon due to the realistic solar radiation is acceptable. 
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Figure 3.2 Field measurements by Idczak et al. [128]: (a) An overview, (b) the 

instrumentation in the investigated street, and (c) CFD model for the validation of wall 

temperature 

Table 3.2 Comparison of the predicted non-uniform wall temperature with the field 

measurement data 

Horizontal 

section 

0800 LST 

(Background air temperature= 19.2 °C) 

1600 LST 

(Background air temperature= 28.3°C) 

CFD simulation Field measurement CFD simulation Field measurement 

z/H = 0.21 19.6 ℃ 21.4℃ 30.1℃ 29.2℃ 

z/H = 0.84 24.1℃ 24.9℃ 28.3℃ 28.9℃ 

 

3.4 Richardson number in the asymmetric street canyons 

 Typically, the bulk Richardson number, Ri, is used to represent the atmospheric 

stability in the vertical direction [8]. Ri can be used to determine whether the induced 

flow field is dominated by the thermal or mechanical effect [129]. Herein, Ri of an 

asymmetric street canyon is defined as the ratio of the characteristic buoyancy force to 
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the inertial force that is experienced by a fluid element, in consideration of the 

distribution of the wall temperature: 
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In Eq. (3.1), TW and TL are the averaged surface temperatures on the windward and 

leeward surfaces, respectively, and Uref is the volume-average wind speed within the 

asymmetric canyons (blue regions in Figure A3.1). The reference height is (H1+H2)/2. 

Tin is the inlet air temperature (27.3 ℃ for 0800 LST and 29.1 ℃ for 1600 LST). If |Ri| 

approaches ∞, the airflow within the street canyon that is induced by the mechanical 

effect can be ignored [129,130]. 

3.5 Results and discussion 

3.5.1 Effect of asymmetric configurations without solar radiation 

 To investigate the influence of solar radiation, the flow structures of asymmetric 

configurations are investigated without solar radiation as the baseline. According to Cui 

et al. [131], the flow structure does not change once the building Reynolds number Reh 

(h = Hmax =60 m) exceeded the critical value (Reh = 3.4×104). In this chapter, the value 

of Reh for low-wind-speed conditions is 1.88×106, which is far larger than the critical 

value of Reh. Thus, the influence of the canyon configuration on the flow structure is 

similar for low and high wind speeds. Figure 3.3 presents the wind velocity contours 

and 3D streamlines for the step-up and step-down street canyons, respectively, under a 

high wind speed. For the step-up street canyon, the flow structure changes only 

minimally with the increase of H1, and the lower part of the street canyon is occupied 

by divergent flows that are caused by the strong downdraft flow (Figure 3.3(c) and (d)). 

However, the wind velocity decreases slightly since the higher upstream building 

blocks the incoming flow and, therefore, attenuates the strength of the downdraft flow 

(Figure 3.3(a) and (b)). For the step-down street canyon with H1/ H2= 3/1, a large 

clockwise vortex occurs in the leeward region of the upstream building, resulting in the 

formation of a downdraft flow and divergent flows in the lower space of the step-down 
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street canyon (Figure 3.3(g)). With the increase of H2, the flow structure changes 

substantially. As shown in Figure 3.3(h), the downdraft flow disappears, and the 

divergent flows are replaced by two elevated eddies. Moreover, the wind velocity 

changes minimally in the center of the street canyon, but it increases slightly near the 

lateral exit (Figure 3.3(e) and (f)). 

 
Figure 3.3 Predicted wind velocity at the pedestrian level and 3D streamlines for 

various asymmetric street canyon configurations under a high wind speed without solar 

radiation: the wind velocity at the pedestrian level for (a) H1/ H2= 1/3, (b) H1/ H2= 2/3, 

(e) H1/ H2= 3/1, and (f) H1/ H2= 3/2; and 3D streamlines for (c) H1/ H2= 1/3, (d) H1/ 

H2= 2/3 (g) H1/ H2= 3/1, and (h) H1/ H2= 3/2. (The blue arrow denotes the flow direction 

within the street canyon.) 

3.5.2 Effect of asymmetric configurations with solar radiation 

 Considering the solar radiation, Memon et al. [16] reported that the flow structure 

could differ significantly among incoming flow conditions. Thus, for the thermal flow, 

the influence of asymmetric configurations with solar radiation is analyzed at high wind 

speed (3 m/s) and low wind speed (0.5 m/s). This thermal flow with solar radiation is 

dependent on the Reynolds number within our study range. 
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3.5.2.1 High incoming wind speed 

Process I: To what height should the lower building be rebuilt? 

 Figure 3.4 and Figure 3.5 present the 3D streamlines and wind velocity contours 

under the high wind speed of 3 m/s for step-up and step-down street canyons, 

respectively. In the step-up street canyon, the buoyancy effect is relatively weak 

because the |Ri| is low (1.27 to 4) (Table 3.3). The flow structure is still dominated by 

forced convection at 0800 LST (Figure 3.4(c) and (d)) and at 1600 LST (Figure 3.4(g) 

and (h)). The distributions of the 3D streamlines are similar to those in the cases without 

solar radiation (Figure 3.3(c) and (d)), although the wind velocity decreases with the 

increase of H1 (Figure 3.4(a) and (b), and (e) and (f)). The average wind velocity at the 

pedestrian level decreases by approximately 0.4 m/s at 0800 and 1600 LST (as 

summarized in Figure 3.8(a)). In the step-down street canyon, the forced convection 

still dominates the flow structure when H1/ H2= 3/1 at 0800 LST (Figure 3.5(c) with 

|Ri| of 15.51) (Table 3.3). However, although the higher upwind building shaded the 

solar radiation into the street canyon at 0800 LST, the natural convection that is caused 

by solar radiation played a more critical role in the increase of H2 (|Ri| increased to 

20.33 (Table 3.3)), thereby leading to the formation of an updraft flow (Figure 3.5(d)), 

in contrast to the 3D streamlines without solar radiation (Figure 3.3(d)). The possible 

explanation lies in the weak forced convection within this kind of street canyon. Once 

the airflow heated by the windward surface enters the step-down canyon from the lateral 

shear layer (Figure 3.5(d)), air flows upwards because the natural convection is stronger 

than the weak forced convection. Furthermore, the lower part of the street canyon is 

occupied by convergent flows, and the wind velocity increases rapidly (Figure 3.5(a) 

and (b)). The average wind velocity at the pedestrian level increases by 0.2 m/s (Figure 

3.8(a)). At 1600 LST, the updraft flows are always observed (Figure 3.5(g) and (h)) due 

to high |Ri| (from 29.73 to 30.89) (Table 3.3)). When H2 increases, |Ri| decreases (a 

stronger shading effect on the downstream building leads to weaker natural convection), 

and, thus, the wind velocity, which is affected by natural convection, decreases slightly 

(Figure 3.5(e) and (f)). 
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Figure 3.4 Predicted wind velocity at the pedestrian level and 3D streamlines for 

various step-up street canyon configuration at LSTs of 0800 and 1600 under the high 

wind speed of 3 m/s: the wind velocity at the pedestrian level for (a) H1/ H2= 1/3 at 

0800 LST, (b) H1/ H2= 2/3 at 0800 LST, (e) H1/ H2= 1/3 at 1600 LST, and (f) H1/ H2= 

2/3 at 1600 LST; and 3D streamlines for (c) H1/ H2= 1/3 at 0800 LST, (d) H1/ H2= 2/3 

at 0800 LST, (g) H1/ H2= 1/3 at 1600 LST, and (h) H1/ H2= 2/3 at 0800 LST. (The blue 

arrow denotes the flow direction within the street canyon.) 
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Figure 3.5 Predicted wind velocity at the pedestrian level and 3D streamlines for 

various step-down street canyon configurations at LSTs of 0800 and 1600 under the 

high wind speed of 3 m/s: the wind velocity at the pedestrian level for (a) H1/ H2= 3/1 

at 0800 LST, (b) H1/ H2= 3/2 at 0800 LST, (e) H1/ H2= 3/1 at 1600 LST, and (f) H1/ 

H2= 3/2 at 1600 LST; and 3D streamlines for (c) H1/ H2= 3/1 at 0800 LST, (d) H1/ H2= 

3/2 at 0800 LST, (g) H1/ H2= 3/1 at 1600 LST, and (h) H1/ H2= 3/2 at 0800 LST. (The 

blue arrow denotes the flow direction within the street canyon.) 

Table 3.3 Bulk Richardson numbers in the asymmetric street canyons under high wind 

speed 

Case Configuration LST |Ri| Case Configuration LST |Ri| 
1 

H1/ H2= 1/3 
0800 4.00  5 

H1/ H2= 3/1 
0800 15.51  

2 1600 1.27  6 1600 30.89  

3 
H1/ H2= 2/3 

0800 3.98  7 
H1/ H2= 3/2 

0800 20.33  

4 1600 2.38  8 1600 29.73  

Figure 3.6 presents the distribution of the CO concentration under the high wind 

speed of 3 m/s. In the step-up street canyon, the concentrations increase with the 

increase of H1 due to the reduction of the wind velocity at 0800 (Figure 3.6(a) and (b)) 

and 1600 LST (Figure 3.6(c) and (d)). The average concentrations increase by 48.8% 

at 0800 LST and by 39.0% at 1600 LST (see the summary in Figure 3.8(b)). In the step-

down street canyon, the divergent flows (Figure 3.5(c)) transform into convergent flows 

(Figure 3.5(d)) near the ground at 0800 LST when H2 increases. Therefore, more 

pollutants accumulate in the center of the street canyon, while the concentration near 

the lateral exit decreases (Figure 3.6(e) & (f)). At 0800 LST, the average concentration 

decreases by 8.2% (Figure 3.8(b)). At 1600 LST, the concentrations remain nearly 

unchanged (1.3%) due to only minor changes in the wind velocity (Figure 3.5(g) and 

(h)). 
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Figure 3.6 Predicted CO concentrations at the pedestrian level for various asymmetric 

street canyon configurations at LSTs of 0800 and 1600 under the high wind speed of 3 

m/s: the step-up canyon with (a) H1/ H2= 1/3 at 0800 LST, (b) H1/ H2= 2/3 at 0800 LST, 

(c) H1/ H2= 1/3 at 1600 LST, and (d) H1/ H2= 2/3 at 1600 LST; and the step-down 

canyon with (e) H1/ H2= 3/1 at 0800 LST, (f) H1/ H2= 3/2 at 0800 LST, (g) H1/ H2= 3/1 

at 1600 LST, and (h) H1/ H2= 3/2 at 1600 LST. 

 Figure 3.7 presents the contours of the air temperature under the high wind speed 

of 3 m/s. In the step-up street canyon, the air temperature at the pedestrian level is 

directly related to the temperature of the incoming flow because the relatively high 

wind velocity (up to 1.4 m/s) at the pedestrian level contributes to the dispersion of heat. 

Thus, the variation of the air temperature is small with an increase of H1 (Figure 3.7(a) 

and (b), (c) and (d)). In the step-down street canyon, the air temperature increases by 

0.2- 0.4 ℃ in the northern part of the street canyon (Figure 3.7(e) and (f)), because the 

convergent flows have adverse effects on the heat dispersion at 0800 LST. The average 

air temperature increases slightly by 0.1℃ (Figure 3.8(c)). At 1600 LST, the air 

temperature decreases slightly due to the stronger shading effect provided by the high 

downstream building (Figure 3.7(g) and (h)). The average air temperature decreases by 

0.4℃ (Figure 3.8(c)).  
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 In summary, the height increase of the lower building in the step-down canyon 

leads to higher air quality and lower air temperature under high wind speed. However, 

the higher upstream building of the step-up canyon results in lower air quality but has 

only a minor influence on the thermal environment. When |Ri| < 20, the flow field is 

dominated by forced convection. The variation of |Ri| slightly influences air quality and 

air temperature. When |Ri| > 20, the flow field is dominated by natural convection. The 

increase of |Ri| increases the air temperature and the decrease in the pollutant 

concentration at the pedestrian level. 

 

Figure 3.7 Predicted air temperatures at the pedestrian level for various asymmetric 

street canyon configurations at LSTs of 0800 and 1600 under the high wind speed of 3 

m/s: the step-up canyon with (a) H1/ H2= 1/3 at 0800 LST, (b) H1/ H2= 2/3 at 0800 LST, 

(c) H1/ H2= 1/3 at 1600 LST, and (d) H1/ H2= 2/3 at 1600 LST; and the step-down 

canyon with (e) H1/ H2= 3/1 at 0800 LST, (f) H1/ H2= 3/2 at 0800 LST, (g) H1/ H2= 3/1 

at 1600 LST, and (h) H1/ H2= 3/2 at 1600 LST. 

Process II: Which side of the street should be rebuilt? 

 To evaluate rebuilding process II, the average CO concentration and air 

temperature at the pedestrian level are compared between the step-up and the step-down 

street canyons in Figure 3.8. For the step-up canyon with H1/ H2= 1/3 and the step-
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down canyon with H1/ H2= 3/1, the average CO concentration of the step-down canyon 

is 261.4% higher than that of the step-up canyon at 0800 LST (Figure 3.8(b)), and the 

average air temperature of the step-down canyon is up to 1.1℃ (3.7%) higher than that 

of the step-up canyon at 1600 LST (Figure 3.8(c)). For the step-up canyon with H1/ H2= 

2/3 and the step-down canyon with H1/ H2= 3/2, lower air quality and higher air 

temperature are observed in the step-down canyon again. The average CO 

concentration of the step-down canyon (H1/ H2= 3/2) is 123.1% higher than that of the 

step-up canyon (H1/ H2= 2/3) at 0800 LST (Figure 3.8(b)), and the average air 

temperature of the step-down canyon is up to 0.6℃ (2.0%) higher than that of the step-

up canyon at 1600 LST (Figure 3.8(c)). In summary, the step-down street canyon is 

outperformed by the step-up street canyon in both scenarios. 

 
Figure 3.8 Predicted average values at the pedestrian level for step-up and step-down 

cases: (a) the wind velocities, (b) CO concentration, and (c) Air temperature under the 

high wind speed of 3 m/s at LSTs of 0800 and 1600. The y-axis of Fig. 12 (c) starts 

from the reference air temperature (27.3 ℃) at 0800 LST, and the grey line denotes the 

reference air temperature (29.1 ℃) at 1600 LST. 

3.5.2.2 Low incoming wind speed 

Process I: To what height should the lower building be rebuilt? 

 Figure 3.9 and Figure 3.10 present the 3D streamlines and wind velocity contours 

under the low wind speed of 0.5 m/s. Natural convection has a significant influence on 

the flow structure. In the step-up street canyon, at 0800 LST, an updraft flow that is 

caused by the heated windward surface occurs in the street canyon with H1/ H2= 1/3 

(Figure 3.9(c)), in contrary to the high-wind case (Figure 3.4(c)). The lower part is still 
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occupied by divergent flows. With the increase of H1, the natural convection 

strengthens (|Ri| increased) (Table 3.4) and leads to the formation of convergent flows 

(Figure 3.9(d)). Thus, the average wind velocity at the pedestrian level increases by 0.3 

m/s due to the convergent flows (see the summary in Figure 3.13 (a)). At 1600 LST, a 

downdraft flow is also observed in the street canyon with H1/H2= 1/3 (Figure 3.9(g)) 

since the forced convection dominates the flow structure (|Ri| = 7.50). With the increase 

of H1, the downdraft flow still dominates within the canyon, but the natural convection 

strengthens (|Ri| increased to 16.18). Thus, the average wind velocity at the pedestrian 

level decreases by 0.3 m/s (Figure 3.13(a)) due to the reduction of the forced convection 

and the stronger natural convection. In the step-down street canyon, the flow structure 

is affected mainly by the stronger natural convection (higher |Ri|); therefore, updraft 

flows are observed (Figure 3.10). At 0800 LST, the natural convection weakens (with 

relatively small |Ri|) due to lower wall temperature with the increase of H2. Thus, the 

average wind velocity at the pedestrian level decreases slightly. Similarly, the average 

wind velocity decreases by 0.2 m/s at 1600 LST (Figure 3.13(a)).  

 
Figure 3.9 Predicted wind velocity at the pedestrian level and 3D streamlines for 

various step-up street canyon configurations at LSTs of 0800 and 1600 under the low 

wind speed of 0.5 m/s: the wind velocity at the pedestrian level for (a) H1/ H2= 1/3 at 

0800 LST, (b) H1/ H2= 2/3 at 0800 LST, (e) H1/ H2= 1/3 at 1600 LST, and (f) H1/ H2= 

2/3 at 1600 LST; and 3D streamlines for (c) H1/ H2= 1/3 at 0800 LST, (d) H1/ H2= 2/3 
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at 0800 LST, (g) H1/ H2= 1/3 at 1600 LST, and (h) H1/ H2= 2/3 at 0800 LST. (The blue 

arrow denotes the flow direction within the street canyon.) 

 
Figure 3.10 Predicted wind velocity at the pedestrian level and 3D streamlines for 

various step-down street canyon configurations at LSTs of 0800 and 1600 under the 

low wind speed of 0.5 m/s: the wind velocity at the pedestrian level for (a) H1/ H2= 3/1 

at 0800 LST, (b) H1/ H2= 3/2 at 0800 LST, (e) H1/ H2= 3/1 at 1600 LST, and (f) H1/ 

H2= 3/2 at 1600 LST; and 3D streamlines for (c) H1/ H2= 3/1 at 0800 LST, (d) H1/ H2= 

3/2 at 0800 LST, (g) H1/ H2= 3/1 at 1600 LST, and (h) H1/ H2= 3/2 at 0800 LST. (The 

blue arrow denotes the flow direction within street canyon.) 

Table 3.4 Bulk Richardson numbers in the asymmetric street canyons under low wind 

speed 

Case Configuration LST |Ri| Case Configuration LST |Ri| 
1 

H1/ H2= 1/3 
0800 25.16 5 

H1/ H2= 3/1 
0800 26.73 

2 1600 7.50 6 1600 29.13 

3 
H1/ H2= 2/3 

0800 26.01 7 
H1/ H2= 3/2 

0800 26.13 

4 1600 15.67 8 1600 28.42 

Figure 3.11 presents the CO concentration contours under low wind speed. With 

the increase of H1 at 0800 LST in the step-up street canyon, pollutants gather in the 

northern part of the street canyon, but the concentrations in other areas decrease (Figure 

3.11(a) and (b)) due to the variation of the flow structure. Thus, the average 

concentrations decrease by 24.4% (Figure 3.13(b)). At 1600 LST, the average 
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concentrations increase by 77.1% due to a decrease in the wind velocity with the 

increase of H1 (Figure 3.13(b)). In the step-down street canyon, there is a minor increase 

of the concentration (3.4%), which is due to the similar wind velocity and flow structure 

at 0800 LST (Figure 3.10(e) and (f)), while it increases by 46.9% due to the decrease 

of the wind velocity at 1600 LST (Figure 3.13(b)). 

 

Figure 3.11 Predicted CO concentrations at the pedestrian level for various asymmetric 

street canyon configurations at LSTs of 0800 and 1600 under low wind speed: the step-

up canyon with (a) H1/ H2= 1/3  at 0800 LST, (b) H1/ H2= 2/3 at 0800 LST, (c) H1/ 

H2= 1/3 at 1600 LST, and (d) H1/ H2= 2/3 at 1600 LST; and the step-down canyon with 

(e) H1/ H2= 3/1 at 0800 LST, (f) H1/ H2= 3/2 at 0800 LST, (g) H1/ H2= 3/1 at 1600 LST, 

and (h) H1/ H2= 3/2 at 1600 LST. 

 Figure 3.12 presents the air temperature contours under low wind speed. In the 

step-up street canyon, the air temperature increases in the north but decreases in the 

south due to the convergent flow at 0800 LST (Figure 3.12(a) and (b)). The average 

temperature changes slightly. At 1600 LST, the average temperature increases slightly, 

namely, by 0.3℃ (Figure 3.13(c)), due to the reduction of the wind velocity. In the step-

down street canyon, the average air temperature changes slightly at 0800 LST (Figure 

3.12(e) and (f)). This is because the higher upstream building almost blocks the solar 
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radiation and the wind velocity also changes slightly. However, it decreases by 0.2℃ 

at 1600 LST due to the increase of the shading effect of the downstream building 

(Figure 3.13(c)).  

In summary, the height increase of the lower building results in the higher air 

quality at 0800 LST and lower air quality at 1600 LST in the step-up canyon under low 

wind speed; it results in lower air quality in the step-down canyon for all the scenarios. 

The higher upstream building of the step-up canyon leads to higher air temperature, 

while the higher downstream building of the step-down canyon results in lower air 

temperature. Similarly, the flow structure is dominated by forced convection when |Ri| 

< 20, and the variation of |Ri| is not directly related to air quality or air temperature. In 

contrast, when |Ri| > 20, the flow field is dominated by natural convection, and the 

increase of |Ri| also leads to an increase in the air temperature and a decrease in the 

pollutant concentration at the pedestrian level. 

  

Figure 3.12 Predicted air temperature at the pedestrian level for various asymmetric 

street canyon configurations at LSTs of 0800 and 1600 under low wind speed: the step-

up canyon with (a) H1/ H2= 1/3  at 0800 LST, (b) H1/ H2= 2/3 at 0800 LST, (c) H1/ 

H2= 1/3 at 1600 LST, and (d) H1/ H2= 2/3 at 1600 LST; and the step-down canyon with 
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(e) H1/ H2= 3/1 at 0800 LST, (f) H1/ H2= 3/2 at 0800 LST, (g) H1/ H2= 3/1 at 1600 LST, 

and (h) H1/ H2= 3/2 at 1600 LST. 

Process II: On which side of the street should rebuilding be conducted? 

 The CO concentration and air temperature are further compared between the step-

up and step-down street canyons in Figure 3.13. For the step-up canyon (H1/ H2= 1/3) 

and the step-down canyon (H1/ H2= 3/1), divergent flows and convergent flows, 

respectively, occur. Thus, higher CO concentrations occur in the center of the step-

down canyon, but the concentrations are substantially lower in other areas. The average 

concentrations of the step-up canyon are 55.5% higher than that of the step-down 

canyon (Figure 3.13(b)) at 0800 LST. However, the average temperature of the step-

down canyon is 0.6℃ higher than that of the step-up canyon at 1600 LST (Figure 

3.13(c)), due to a weak shading effect. For the step-up canyon (H1/ H2= 2/3) and the 

step-down canyon (H1/ H2= 3/2), the flow structures are similar, but the wind velocity 

of the step-up canyon is lower (Figure 3.13(a)). Thus, the average concentration of the 

step-up canyon is 38.1% higher than that of the step-down canyon at 1600 LST (Figure 

3.13(b)). The average air temperature of the step-down canyon is 0.3℃ higher than that 

of the step-up canyon (Figure 3.13(c)) at 1600 LST.  

 
Figure 3.13 Predicted average values at the pedestrian level: (a) the wind velocity, (b) 

the CO concentration, and (c) the air temperature under low wind speed of 0.5 m/s at 

LSTs of 0800 and 1600. The y-axis starts from the reference air temperature (27.3 ℃) 

at 0800 LST, and the grey line denotes the reference air temperature (29.1℃) at 1600 

LST. 
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3.6 Summary 

 This chapter investigated the influence of the asymmetric street canyon 

configuration on air temperature and air quality at the pedestrian level by considering 

realistic estimates of solar irradiation. Based on CFD calculations that were conducted 

using the ANSYS/Fluent® software, we obtained two outdoor parameters: the air 

temperature and the CO concentration. The major results are summarized as follows: 

 (1) Without solar radiation, the variation of the height of the lower building leads 

to a minor change in the flow structure in the step-up canyon but a significant change 

in the step-down canyon. 

 (2) With solar radiation, the increase of the height of the lower building of the step-

up canyon leads to an increase in the average CO concentration by 39% − 49% under 

high wind speed, and a decrease by 24% for 0800 LST and an increase by 77% for 1600 

LST under low wind speed. In addition, the average air temperature increases by 0.2℃ 

− 0.3℃ under low wind speed, while it is virtually unchanged under high wind speed. 

In contrast, when the height of the lower building of the step-down canyon increases, 

the average CO concentrations increase by 47% for 1600 LST under low wind speed, 

while it is almost unchanged in the other three cases (<8%). In the meanwhile, the 

average air temperature reduces by nearly 0.2℃ − 0.3 ℃ for 1600 LST under both high 

and low wind speeds, while it essentially does not change for the two 0800 LST cases. 

 (3) When |Ri| < 20, the flow field is dominated by forced convection, and the 

variation of Ri had an insignificant influence on air quality and air temperature. In 

contrast, when |Ri| > 20, the flow field is dominated by natural convection, and the 

increase of |Ri| increases the air temperature and a decrease in the pollutant 

concentration. 

 (4) Under high wind speed, the thermal environment or air quality of the step-up 

canyon is always better than that of the step-down canyon; under low wind speed, the 

air quality is higher in the step-down canyon than in the step-up canyon, although the 

step-up canyon is still found to be cooler than the step-down canyon. 
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Chapter 4 Effects of building setback on the outdoor 

thermal comfort and air quality in street canyons  

4.1 Introduction 

Among many local mitigation strategies to design UHI and air pollution mitigation 

strategies effectively, the building setbacks attract less attention [78]. As discussed in 

Section 1.2, both horizontal (arcade design) and vertical building setback can help to 

improve pollutant dispersion by enhancing ventilation. Nonetheless, they are still not 

sufficient for practical urban planning to reduce thermal stress and improve air quality 

simultaneously. First, most previous studies neglected the solar radiation when the 

influence of building setback on airflow structure was considered. In effect, the 

thermally induced flow is typically combined with the mechanically induced flow, 

which significantly affects the flow field and corresponding dispersion of pollutants 

and heat. Only considering the isothermal condition cannot totally reflect the realistic 

effectiveness of building setback. Second, most previous papers focused on either 

thermal comfort or air quality; scarcely, studies address the increasingly severe issues 

of air temperature and air quality simultaneously. In effect, there is probably some 

opposite influence on the thermal comfort and air quality, when changing the geometry 

of the building setbacks. Huang et al. [72] found that increasing the height of the arcade 

was capable of improving ventilation at the measurement points. However, Yin et al. 

[73] suggested that the height of the arcade should be as low as possible; otherwise, the 

pedestrians started losing the protection from shading strategy to thermal stress. 

Therefore, more effort should be devoted to simultaneously considering the influence 

of building setbacks on thermal comfort and air quality under the same framework. 

Based on this background, the objectives of this chapter are to 1) explore the 

effectiveness of horizontal and vertical setbacks on the improvement of the total 

environmental quality in a street canyon, involving both thermal comfort and air quality 

at the same time, 2) conduct a sensitivity analysis to investigate the influence of 

different design parameters (the height and width of the horizontal setback or the length 
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and width of the vertical setback) on the effectiveness of building setbacks to the local 

air quality and thermal comfort by considering different street canyons under different 

heating scenarios, 3) provide some suggestions to enhance the building setback’s 

benefits and to avoid some unfavorable or unintended consequences by testing various 

parameters related to the design of the building setback. 

4.2 Description of CFD simulations 

4.2.1 Description of case studies, computational geometry, and grid 

 As seen in Figure 4.1, this chapter employs full-scale 3D street canyon models 

consisting of five uniform buildings and four street canyons (street width W = 20 m, 

building height H = 20 m and 40 m for low-rise and high-rise street canyon, respectively, 

street length L = 160 m, and building width Wb = 20 m). The target street canyon locates 

between the 3rd and 4th building, while the other upstream and downstream identical 

street canyons are used to represent the influence of roughness elements [18,25,132–

134].  

 Within the target canyon, we separately investigate the influence of horizontal and 

vertical building setbacks. For horizontal setback configurations, the lower part of the 

buildings is recessed by DHS from the street, with a height of HHS. Three horizontal 

setbacks cases are studied: (i) HHS/W= 0.4 and DHS/W= 0.2, (ii) HHS/W= 0.2 and DHS/W= 

0.2, (iii) HHS/W= 0.2 and DHS/W= 0.1. Case (i) and (ii) are used to study the influence 

of the height parameters, while (ii) and (iii) are for the width parameters. A vertical 

setback differs from a horizontal setback by having part of the long building wall 

recessed DVS from the street, with a length of LVS. Similarly, three vertical setback cases 

are investigated, (iv) LVS/L= 0.125 and DHS/W= 0.45, (v) LVS/L= 0.25 and DHS/W= 0.45, 

(vi) LVS/L= 0.25 and DHS/W= 0.225. Case (iv) and (v) are used to compare the different 

length parameters, while (v) and (vi) are for different width parameters. Besides, the 

cases without building setbacks are regarded as the baselines.  

 Considering the symmetry of flow structure within street canyons, only half of the 

street canyon is chosen to reduce the computational time (Figure 4.1). The wind is 



 59 

assumed to go from the west, considering a worse air quality within the street canyon 

generally yielded by the perpendicular wind. Accordingly, the street orientation is set 

as a North-South direction. To represent the leeward heating (LH) scenario and 

windward heating (WH) scenario, the simulation is conducted for steady-state weather 

conditions at LSTs (local solar times) of 10 a.m. (1000 LST) and 2 p.m. (1400 LST) on 

a clear summer day in Hong Kong, respectively (Figure 4.1).  

 The size and discretization of the computational domain refer to the practice 

guidelines by Tominaga et al. [97]. Thus, as shown in Figure 4.1, the distances between 

the building and the inlet boundary, lateral boundaries, top boundary, and outflow 

boundary are 5 H, 5 H, 5 H, and 15 H, respectively.  

 The computational domain is discretized into almost three million hexahedral cells. 

Considering the relatively large gradients of the velocity near the ground and building 

surfaces, the finest grids are deployed around these two types of walls. In this chapter, 

a grid-sensitivity analysis is performed based on two additional grids: a coarser grid 

and a finer grid for the low-rise street canyon with horizontal setback (HHS/W= 0.2 and 

DHS/W= 0.2). For the coarse, basic, and fine grids, the minimum sizes are set to be 0.4 

m, 0.1 m, and 0.05 m, respectively. The total cell numbers for the coarse, basic, and 

fine grids are 0.92 million, 3.15 million, and 10.95 million, respectively. Therefore, the 

ratios of the two consecutive cell numbers for the grid refinement meet the criterion of 

3.4 in the mesh-independent study [97]. The results of the grid-sensitivity analysis in 

Section 4.2.4 indicate that the basic grid provides nearly grid-independent results, 

which can be used for the remainder of this chapter.  
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Figure 4.1 Computational geometry and boundary conditions 

4.2.2 Numerical models 

 The commercial software ANSYS/Fluent® CFD software (Release 15.0) [127] is 

used to simulate the airflow of ambient wind over this isolated street canyon. The 

numerical analysis is based on the steady-state 3D RANS conservation equations of 

mass, momentum, and energy for the incompressible turbulent flow. RNG k-ε model is 

chosen in this chapter to provide reliable predictions of the mean flows with the thermal 

effect and pollutant dispersion. Besides, this chapter utilizes the pressure-linked 

equations-consistent (SIMPLEC) numerical method for the pressure-velocity coupling. 

The second-order upwind scheme [103] is used to discretize both the convective terms 

and the diffusion terms. A double-precision solver is also selected for the CFD 

calculations. The convergence of the normalized residual errors of the energy equation 

is set to 10−9, whereas the convergence criterion of the remaining equations is set to 

10−6. Besides, it should be mentioned that the setting of the current CFD model is 

similar to the studies in Chapters 2 and 3, which have well-validated the predicted wall 

temperature, thermal airflow, and pollutant dispersion with the previous wind tunnel 

experiments and field measurement. For simplicity, the validation of this study can refer 

to Section 2.4 and 3.3. 

4.2.3 Boundary conditions 

 At the domain inlet, a power-law velocity profile is applied as follows, 
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where zref is the reference height (= 20 [m]), α is the power-law exponent (= 0.22, stands 

for the underlying surface roughness above medium-dense urban area), Iin is the 
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turbulent intensity (= 0.1, refers to [132]), κ  is the von Karman’s constant (= 0.42), 

and Cµ is the model constant (= 0.085). Moreover, Uref is the reference wind speed (= 

3 [m/s]), the reference Reynolds number ( Re refU H ν= ) is about 4.1 × 106, which is 

far larger than 11,000 to satisfy the requirement of Reynolds number independence 

[135]. 

 As seen in Figure 4.1, the top and lateral boundaries of the domain are set as 

symmetry boundaries, namely setting normal velocity and normal gradients of all 

variables to zero. On the outlet of the domain, a zero diffusive flux is imposed for all 

flow variables in the direction normal to the outflow plane since the domain 

downstream is long enough to ensure a fully developed outlet flow. For near-wall 

treatment, no-slip wall boundary conditions with standard wall function are applied. 

 CO is used as the pollutant representative. As shown in Figure 4.1, a uniform 

volume source (width Wp = 2/3 W and length Lp = street length L) of CO is specified 

near the ground with a depth of 1/20 H to represent the traffic lanes. The constant 

emission rate per hour and unit street length (36.1 [g/h/m], i.e., total mass release rate 

of Lp × 1.0 × 10−5 [kg/s]) are adopted for each CO source. 

4.2.4 Grid sensitivity analysis 

 Three densities of mesh systems are tested for the low-rise street canyon with 

horizontal setback (HHS/W= 0.2 and DHS/W= 0.2). Figure 4.2 compares the results of 

the three grids along the central vertical line at the vertical center plane of the street 

canyon, including the dimensionless mean velocity (U/Uref), air temperature (T), and 

dimensionless pollutant concentration (K). Herein, the dimensionless pollutant 

concentration is defined as = ref p pK CU HL S V , where C is the local pollutant 

concentration [kg/m3] and Vp is the volume of pollutant source [m3]. Along this line, 

the fine and the basic grid provide almost identical results, while some deviations are 

found between the results of the coarse and the basic grid. Besides, the near-wall area 

is resolved by the standard wall functions directly on the condition that the y+ of the 
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first near-wall mesh for building surfaces and ground is 245.3 on average, which is in 

the log-law layer 30 < y + < 300 [127,136].  

 
Figure 4.2 Comparison of (a) U/Uref, (b) T, and (c) K along a center vertical line inside 

the target street canyon in the vertical center plane in coarse, basic, and fine grids. 

4.3 Results and discussion 

4.3.1 Low-rise street canyon (H/W = 1) 

4.3.1.1 Effect of horizontal building setback 

 The effects of horizontal building setbacks within the low-rise street canyons (H/W 

= 1) are explored in this section. Figure 4.3, Figure 4.4, and Figure 4.5  show the 

predicted wind velocity U, air temperature T, and dimensionless pollutant concentration 

K contours for different horizontal setback configurations (different height and width 

of setback) at the pedestrian level and three vertical cross-sections, respectively. To 

quantitatively estimate the effects on thermal comfort and air quality, Figure 4.6 

compares the average U, T, PET, and K at the two-side pedestrian level. The width of 

the leeward/windward pedestrian level is defined as a distance (= 2+DHS [m]) from the 

leeward/windward surface of the horizontal setback (Figure A4.1(a)). 

 First, the influence of horizontal setbacks on wind velocity and flow structure is 

discussed under both LH and WH scenarios. The setting of horizontal setback creates 
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a larger low-layer space and thereby a wider region for pedestrians. Comparing the case 

of HHS/W= 0.2 and DHS/W= 0.2 with the base case, this expanded low-layer space 

enhances the windward pedestrian-level wind velocity Uwin, while reduces the leeward 

pedestrian-level wind velocity Ulee (Figure 4.3 and Figure 4.6). This is because the 

inclusion of horizontal setback leads to a significant “venturi effect” at the windward 

side, which improves the inward channeling flow from the lateral entrainment at this 

side. Hence, most of the lateral entrainment air mainly tends to flow beneath the 

windward horizontal setback instead of flowing toward the leeward side. As increasing 

the height of the horizontal setback, the increment of Uwin reduces while the Ulee 

continues to decrease (Figure 4.3 and Figure 4.6). The possible reason is that a larger 

space created by a higher horizontal setback causes a relatively weaker “venturi effect”. 

Similarly, an increase in the width of the horizontal setback also reduces the increment 

of Uwin and leads to a lower Ulee (Figure 4.3 and Figure 4.6). Thus, it can be deduced 

that the dimensionless area of the cross-section of horizontal setback SHS (= 

HHS/W×DHS/W) is directly related to two-side pedestrian level wind velocity, i.e., larger 

SHS causes a lower Uwin and Ulee. Among these three horizontal setbacks, the horizontal 

setback with HHS/W= 0.2 and DHS/W= 0.1 creates the best wind environment for two-

side pedestrians. Compared to the base case, the Uwin is 0.2–0.3 m/s higher, while Ulee 

still almost 0.1 m/s lower. 
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Figure 4.3 Predicted contours of wind velocity for a different horizontal setback with 

the low-rise street canyon: leeward heating scenario for (a)–(d) and windward heating 

scenario for (e)–(h) 

 Second, the influence of horizontal setbacks on air temperature is discussed. 

Compared with the base case, the horizontal setback of HHS/W= 0.2 and DHS/W= 0.2 

results in a lower pedestrian level air temperature, especially at the windward side 

(Figure 4.4). The possible reason is that the horizontal setback can greatly enhance 

windward-side flow rate and thereby introduce more air with lower temperature into 

the pedestrian level across the lateral opening. Moreover, Figure 4.6 (b) indicates that 

this kind of cooling effect becomes more significant under the WH scenario. Under this 

certain, more heat is supposed to accumulate at the windward side of the base street 

canyon due to direct solar radiation; a stronger windward inward channeling flow 

caused by the horizontal setback greatly reduces the accumulation of heat at this 

windward side. Thus, the inclusion of horizontal setback declines both Twin and Tlee 

under the WH scenario, particularly for the Twin (by up to 0.6 ℃) (Figure 4.6 (b)). This 

finding is further confirmed by altering the dimensionless SHS (changing width or height 

of setback). Under the WH scenario, a larger dimensionless SHS always creates a better 

thermal environment. However, under the LH scenario, this trend is not more observed 



 65 

by adjusting the dimensionless SHS. No matter increasing HHS or decreasing DHS, a 

worse thermal environment can be found under this scenario (Figure 4.6 (b)). Hence, 

another dimensionless parameter is introduced to explain this phenomenon, i.e., 

HHS/DHS. Either increasing HHS or decreasing DHS causes a smaller HHS/DHS, which 

results in more exposure to direct solar radiation for the leeward pedestrian level under 

the LH scenario. Therefore, a smaller HHS/DHS provides a lower air temperature due to 

less heat accumulation under the LH scenario (Figure 4.6 (b)). The horizontal setback 

with HHS/W= 0.2 and DHS/W= 0.2 (HHS/DHS= 1) declines both the Twin and Tlee by almost 

0.1 ℃ compared to the base case. Nonetheless, it should be noted that the Twin for all 

horizontal setbacks is lower than that of the base case under the LH scenario, due to the 

influence of windward channeling flow. Generally, the air temperature within the street 

canyon is affected by two dimensionless design parameters of horizontal setback, i.e., 

SHS and HHS/DHS. Both larger SHS and lower HHS/DHS can help to reduce the pedestrian 

level air temperature. SHS and HHS/DHS play a more important role on the Twin and Tlee 

under WH and LH scenarios, respectively. 

 Third, the effects of horizontal setbacks on outdoor thermal comfort are discussed. 

In this chapter, PET is chosen for the evaluation of outdoor thermal comfort. The 

calculation of PET is conducted by Rayman Pro [137,138]. More details can refer to 

Section 2.3. It should be noted that higher wind velocity, lower air temperature, and 

lower mean radiant temperature (more shading effect) can result in a lower PET (better 

thermal comfort) [138,139]. Therefore, as shown in Figure 4.6 (c), it is found that the 

horizontal setback always provides better thermal comfort for the windward pedestrians 

because of better ventilation and a lower air temperature at this side. Moreover, among 

these three horizontal setbacks, the horizontal setback with HHS/W= 0.2 and DHS/W= 

0.2 significantly declines the average value of windward PET (PETwin) by up to 2.1 ℃, 

compared to the base case. This can be attributed to less exposure to direct solar 

radiation caused by this kind of horizontal setback with lower HHS/DHS. In contrast, 

compared with the base case, the horizontal setback probably leads to a worse thermal 

sensation at the leeward side due to poorer ventilation at this side, except the setback 

with lower HHS/DHS under the LH scenario. Therefore, this phenomenon indicates that 
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the ratio of HHS/DHS plays a more important role in the improvement of thermal comfort 

at the pedestrian level. This ratio should be as small as possible to provide more shading 

effects for pedestrians, which is in line with the observation of Yin et al. [73]. Moreover, 

the SHS should be larger for a lower in-canyon air temperature to achieve a better 

thermal sensation, although it plays a minor role in thermal comfort. 

 

Figure 4.4 Predicted contours of air temperature for a different horizontal setback with 

the low-rise street canyon: leeward heating scenario for (a)–(d) and windward heating 

scenario for (e)–(h)  

 Four, the effects of horizontal setbacks on pollutant concentration are discussed. 

Comparing the case of HHS/W= 0.2 and DHS/W= 0.2 with the base case, the horizontal 

setback effectively improves the air quality for both-side pedestrians (Figure 4.5). This 

is attributed to the “venturi effect” for both side pedestrian levels induced by the 

horizontal setback. Traffic-related pollutant concentration tends to accumulate in the 

center of the street instead of the two-side sidewalks in the low-rise street canyon. 

Moreover, the horizontal setback broadens the lower space of the street canyon, which 

helps to dilute the pollutant concentration. Accordingly, it is found that both-side 

pollutant concentration is directly proportional to SHS (Figure 4.6(d)). The horizontal 

setback with HHS/W= 0.4 and DHS/W= 0.2 creates the best air quality for two-side 

pedestrians. Its Klee and Kwin are almost 24–29% and 57–66% lower than the base case, 

respectively (Figure 4.6(d)). 
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Figure 4.5 Predicted contours of dimensionless pollutant concentration for a different 

horizontal setback with the low-rise street canyon: leeward heating scenario for (a)–(d) 

and windward heating scenario for (e)–(h) 

 
Figure 4.6 Average values of (a) Wind velocity, (b) Air temperature, (c) PET, and (d) 

Pollutant concentration under different horizontal setback in the low-rise street canyon 

at the leeward and windward pedestrian level under leeward heating (LH) and 

windward heating (WH) scenarios 
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4.3.1.2 Effect of vertical building setback 

 The effects of vertical building setback within the low-rise street canyons (H/W = 

1) are explored in this section. Figure 4.7, Figure 4.8, and Figure 4.9 show the predicted 

wind velocity, air temperature, and dimensionless pollutant concentration K contours 

for different vertical setback configurations (various lengths and widths of setbacks) at 

the pedestrian level and three vertical cross-sections, respectively. To quantitatively 

estimate the effects on thermal comfort and air quality, Figure 4.10 compares the 

average U, T, PET, and K at the two-side pedestrian level. The width of the 

leeward/windward pedestrian level is defined as a distance (= 2 m) from the 

leeward/windward surface of vertical setback and building (Figure A4.1(b)).  

 First, the influence of vertical setbacks on wind velocity and flow structure is 

discussed. Comparing the case of LVS/L= 0.25 and DHS/W= 0.45 and the base case, the 

inclusion of the vertical setback in the center of the low-rise street canyon significantly 

enhances the ventilation of the non-setback section, especially at the leeward side 

(Figure 4.7). However, it also induces a minor vortex with lower wind velocity at the 

location of vertical setback, particularly at the windward side. Hence, this kind of 

setback results in a slightly slower Uwin (the decrement is almost 0.1 m/s) but almost 

does not affect the Ulee (Figure 4.10 (a)). As a decrease in the dimensionless length 

LVS/L to 0.125, the vertical setback can enhance both Ulee and Uwin. A smaller stagnant 

flow region at the position of vertical setback leads to the increase in Ulee and Uwin 

although this kind of setback induces a relatively weaker inward channeling flow at the 

non-setback section. Moreover, for a smaller DVS/W, lower Ulee and Uwin can be 

observed (Figure 4.10 (a)). This is because that the enhancement of ventilation at the 

non-setback section becomes weaker, while the stagnant region of the setback section 

hardly changes with the DHS/W. Thus, it can be deduced that the vertical setback with a 

short dimensionless length LVS/L and a large dimensionless width DVS/W indeed 

improves both-side wind velocity.  
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Figure 4.7 Predicted contours of wind velocity for different vertical setbacks with the 

low-rise street canyon: leeward heating scenario for (a)–(d) and windward heating 

scenario for (e)–(h). 

 Second, the effects of vertical setbacks on the air temperature are investigated in 

the low-rise street canyon. Compared with the base case and case of LVS/L= 0.25 and 

DVS/W= 0.45, the air temperature of the non-setback section only slightly decreases 

although there is better ventilation in this region. However, it is quite easy to 

accumulate warmer air at the setback section, especially at the directly heated side 

(Figure 4.8). The air temperature at the leeward/windward setback section is 

significantly higher under the LH/WH scenario. Accordingly, this kind of vertical 

setback always causes a higher Tlee and Twin compared with the base case (Figure 4.10 

(b)). On this account, a decrease in either LVS/L or DVS/W results in a lower air 

temperature. In other words, a lower area of dimensionless horizontal section SVS 

(=LVS/L × DVS/W) has a lower pedestrian level air temperature. Nonetheless, it should 

be noted that their Tlee and Twin are still higher than that of the base case; the vertical 

setback can not effectively reduce both-side average air temperature. 

 Third, the influence of vertical setbacks on outdoor thermal comfort is explored. 

Unlike the horizontal setback, the vertical setback cannot provide an extra shading 
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effect for pedestrians. Hence, compared with the base case, only the vertical setback 

with LVS/L= 0.125 and DVS/W= 0.45 results in better thermal comfort because of its 

better ventilation (Figure 4.10 (c)). Meanwhile, it should be noted that the improvement 

of thermal comfort is minor within the low-rise street canyon. The maximum reduction 

of PET is less than 0.5 ℃, which is far less than the horizontal setback. 

 

Figure 4.8 Predicted contours of air temperature for different vertical setbacks with the 

low-rise street canyon: leeward heating scenario for (a)–(d) and windward heating 

scenario for (e)–(h). 

 Four, the impacts of vertical setbacks on pollutant concentration are studied. 

Compared to the base case, all the vertical setbacks only slightly improve both-side air 

quality. Among them, the vertical setback with the largest SVS has the best air quality 

since this kind of setback creates a larger space to dilute the pollutant concentration 

(Figure 4.10 (a)). Nonetheless, it only reduces the Klee by almost 7% compared to the 

base case. Meanwhile, it even increases the Kwin by approximately 19% under the LH 

scenario. Generally, when compared with the horizontal setback, the vertical setback 

cannot effectively dilute the pollutants in the low-rise street canyon.  
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Figure 4.9 Predicted contours of pollutant concentration for different vertical setbacks 

with the low-rise street canyon: leeward heating scenario for (a)–(d) and windward 

heating scenario for (e)–(h). 

 
Figure 4.10 Average values of (a) Wind velocity, (b) Air temperature, (c) PET, and (d) 

Pollutant concentration under different vertical setback in the low-rise street canyon at 

the pedestrian level of leeward and windward side under leeward heating (LH) and 

windward heating (WH) scenarios 
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4.3.2 High-rise street canyon (H/W = 2) 

4.3.2.1 Effect of horizontal building setback 

 The effects of horizontal building setbacks within the high-rise street canyons (H/W 

= 2) are explored in this section. Figure 4.11, Figure 4.12, and Figure 4.13 show the 

predicted wind velocity, air temperature, and dimensionless pollutant concentration K 

contours for different horizontal building setback configurations (different height and 

width of setback) at the pedestrian level and three vertical cross-sections, respectively. 

To quantitatively estimate the effects on thermal comfort and air quality, Figure 4.14  

compares the average U, T, PET, and K at the two-side pedestrian level.  

 First, the influence of horizontal setbacks on wind velocity and flow structure is 

discussed within the high-rise street canyon. Similar to the low-rise street canyon, the 

horizontal setback also introduces more lateral entrainment airflow through the 

windward side, compared with the base case. Likewise, Uwin is also directly related to 

the dimensionless area of the cross-section of this horizontal setback SHS; a higher SHS 

also has a lower Uwin (Figure 4.11 and Figure 4.14). The horizontal setback of HHS/W= 

0.2 and DHS/W= 0.1 has the highest Uwin, which is only 0.1 m/s higher than that of the 

base case. Unlike the low-rise street canyon, the Ulee is affected by the flow volume of 

the windward side in the high-rise street canyon. Greater windward flow volume due 

to larger SHS results in higher wind velocity at the leeward side. Therefore, the case of 

HHS/W= 0.4 and DHS/W= 0.2 has the highest Ulee, which is 0.2 m/s higher than that of 

the base case. Also, it should be noted that the horizontal setback leads to two minor 

vortices with a relatively stagnant flow close to the leeward surface, although there is a 

higher average wind velocity at this side.  
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Figure 4.11 Predicted contours of wind velocity for different horizontal setbacks with 

the high-rise street canyon: leeward heating scenario for (a)–(d) and windward heating 

scenario for (e)–(h). 

 Second, the effects of horizontal setbacks on the air temperature are discussed. 

Interestingly, except in the case of HHS/W= 0.4 and DHS/W= 0.2, the horizontal setback 

rather leads to a higher air temperature than the setback-free counterpart (Figure 4.12 

and Figure 4.14 (b)). The pedestrian-level air temperature is affected by two aspects 

within the high-rise street canyon. One is that leeward stagnant region leads to the 

accumulation of heat, which probably causes a higher air temperature; another is that 

horizontal setback induces more lateral entrainment air with lower temperature, which 

can reduce in-canyon air temperature. For the case of HHS/W= 0.4 and DHS/W= 0.2, its 

stronger windward ventilation caused by a higher SHS results in a lower air temperature 

for the whole high-rise canyon. In contrast, for the other two cases, the cooling 

performance caused by the windward fresh air can not set off the accumulation of heat 

at the leeward side. Thus, the horizontal setbacks for the other two cases have a higher 

in-canyon air temperature. Generally, the both-side air temperature is inversely 
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proportional to the SHS within the high-rise street canyon; only the horizontal setback 

with higher SHS has a lower air temperature than that of the base case. 

 Third, the effects of horizontal setbacks on thermal comfort are discussed. It should 

be noted that the high-rise street canyon has provided enough shading effect on the 

ground level. Thus, the shading effect caused by the horizontal setback in the high-rise 

street canyon is not more important than that in the low-rise street canyon. In contrast, 

wind velocity plays a more crucial role in affecting the thermal sensation of two-side 

pedestrians. At the leeward side, a larger SHS causes a better thermal comfort due to 

better ventilation at the side; at the windward side, a larger SHS results in a worse thermal 

sensation because of its worse windward ventilation (Figure 4.14 (c)). Besides, it should 

be noted that all the horizontal setbacks can improve the both-side thermal comfort in 

the high-rise street canyon, although its largest decrement of PET is less than that in the 

low-rise street canyon. For instance, compared with the base case, the PETlee declines 

by at most 0.8 ℃ by the horizontal setback with the largest SHS (HHS/W= 0.4 and 

DHS/W= 0.2).   

 

Figure 4.12 Predicted contours of air temperature for different horizontal setbacks 

within the high-rise street canyon: leeward heating scenario for (a)–(d) and windward 

heating scenario for (e)–(h). 
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 Four, the influence of horizontal setbacks on the pollutants is studied. Comparing 

the base case with the case of HHS/W= 0.2 and DHS/W= 0.2, the inclusion of horizontal 

setback in the high-rise street canyon still helps to disperse the windward pollutants 

(Figure 4.13). Unfortunately, these pollutants transported towards the leeward side are 

trapped by the two minor vortices at the leeward side. Hence, the horizontal setback 

causes a worse leeward air quality. With an increase in HHS/W, a larger space is created 

for the dilution of leeward pollutants. Nonetheless, its Klee is still 4–9% higher than that 

of the base case (Figure 4.14 (d)). With a decrease in DHS/W, fewer pollutants are 

transported towards the leeward side. Similarly, its Klee is also 4–11% higher than that 

of the base case. Generally, all kinds of horizontal setbacks in the high-rise street 

canyon are not beneficial for the dilution of in-canyon pollutants.  

 
Figure 4.13 Predicted contours of pollutant concentration for different horizontal 

setbacks within the high-rise street canyon: leeward heating scenario for (a)–(d) and 

windward heating scenario for (e)–(h). 
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Figure 4.14 Average values of (a) Wind velocity, (b) Air temperature, (c) PET, and (d) 

Pollutant concentration under different horizontal setback in the high-rise street canyon 

at the pedestrian level of the leeward and windward side under leeward heating (LH) 

and windward heating (WH) scenarios 

4.3.2.2 Effect of vertical building setback 

 The effects of vertical building setbacks within the high-rise street canyons (H/W 

= 2) are explored in this section. Figure 4.15, Figure 4.16, and Figure 4.17 show the 

predicted wind velocity, air temperature, and dimensionless pollutant concentration K 

contours for different vertical building setback configurations (various lengths and 

widths of setback) at the pedestrian level and three vertical cross-sections, respectively. 

To quantitatively estimate the effects on thermal comfort and air quality, Figure 4.18 

compares the average U, T, PET, and K at the two-side pedestrian level. 

 First, the influence of vertical setbacks on wind velocity and flow structure is 

discussed within the high-rise street canyon. Comparing the base case with the case of 

LVS/L= 0.25 and DVS/W= 0.45, the vertical setback also significantly improves the non-
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setback ventilation, similar to the low-rise street canyon (Figure 4.15). Differently, 

although there is still a minor vortex at the position of vertical setback, the airflow in 

that area is not more stagnant, especially for the leeward side. Nonetheless, this kind of 

vertical setback still causes a slightly higher Ulee but lower Uwin compared to the base 

case (Figure 4.18 (a)). When decreasing the LVS/L to 0.125, weaker lateral entrainment 

results in a lower Ulee; the Uwin still becomes higher. When the width of the vertical 

setback decreases, the non-setback ventilation becomes worse, and the recirculation 

region at the setback section also becomes more stagnant. Both Ulee and Uwin reduce 

with a decrease in the width of vertical setback. Accordingly, it could be deduced that 

a larger dimensionless SVS leads to a higher Ulee while a smaller dimensionless LVS/L 

has a higher Uwin. 

 
Figure 4.15 Predicted contours of wind velocity for different vertical setbacks within 

the high-rise street canyon: leeward heating scenario for (a)–(d) and windward heating 

scenario for (e)–(h). 

 Second, the influence of vertical setbacks on air temperature is discussed. 

Comparing the base case with the case of LVS/L= 0.25 and DVS/W= 0.45, the vertical 
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setback effectively reduces the accumulation of heat in the non-setback section due to 

stronger ventilation in that area (Figure 4.16). The position of vertical setback still has 

a relatively high air temperature, where is directly heated by solar radiation, especially 

at the windward side. Hence, this kind of vertical setback reduces Tlee but slightly 

increases Twin under the WH scenario (Figure 4.18 (b)). With a decrease in the length 

and width of vertical setback, the accumulation of heat at the minor vortex becomes 

less, and both Tlee and Twin thereby reduce. Generally, compared to the base case, all 

three vertical setbacks provide a lower air temperature for two-side pedestrians in most 

cases, especially for the vertical setbacks with lower SVS. 

 Third, the influence of vertical setbacks on thermal comfort is explored. As 

discussed in Section 4.3.2.1, the enhancement of wind velocity plays a more important 

role in the improvement of thermal comfort in the high-rise street canyon with building 

setbacks. Comparing the base case with the case of LVS/L= 0.25 and DVS/W= 0.45, the 

PETlee largely decreases by 0.7–1℃ due to a higher Ulee while the PETwin slightly 

increases (less than 0.1℃) (Figure 4.18 (c)). A decrease in LVS/L leads to a slight 

increase in PETlee. Nonetheless, the PETlee for larger LVS/L is still 0.3–0.4℃ lower than 

that of the base case. Meanwhile, its PETwin is 0.1–0.3℃ lower than that of the base 

case. However, when decreasing DVS/W, both PETlee and PETwin increase, especially at 

the windward side. Hence, to achieve a better thermal comfort for the entire high-rise 

street canyon, the dimensionless length LVS/L should be smaller while the dimensionless 

area SVS should be larger. 
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Figure 4.16 Predicted contours of air temperature for different vertical setbacks within 

the high-rise street canyon: leeward heating scenario for (a)–(d) and windward heating 

scenario for (e)–(h). 

 Four, the effects of vertical setbacks on the pollutant concentration are discussed. 

Comparing the base case with the case of LVS/L= 0.25 and DVS/W= 0.45, the vertical 

setback greatly reduces the Klee by up to 35%, while only slightly increase the Klee by 

less than 6% (Figure 4.17 and Figure 4.18(d)). Besides, as decreasing either LVS/L or 

DVS/W, the vertical setbacks has relatively higher leeward concentrations, while hardly 

change the windward concentrations. It also should be noted that their Klee is far lower 

than that of the base case. Hence, it can be deduced that all three vertical setbacks 

effectively improve the air quality for pedestrians. Meanwhile, the dimensionless area 

SVS of vertical setback should be as large as possible. 
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Figure 4.17 Predicted contours of pollutant concentration for different vertical setbacks 

with the high-rise street canyon: leeward heating scenario for (a)–(d) and windward 

heating scenario for (e)–(h). 

 
Figure 4.18 Average values of (a) Wind velocity, (b) Air temperature, (c) PET, and (d) 

Pollutant concentration under different vertical setback in the high-rise street canyon at 
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the pedestrian level of the leeward and windward side under leeward heating (LH) and 

windward heating (WH) scenarios 

4.4 Summary 

 This chapter has presented the numerical simulations to simultaneously investigate 

the impact of horizontal and vertical building setbacks on the outdoor thermal 

environment jointly with outdoor air quality in the low-rise (H/W= 1) and high-rise 

(H/W= 2) street canyon under the perpendicular wind on a clear summer day. Hereafter, 

these two aspects can be evaluated under the same framework, hopefully, to provide 

some clues to find out whether these two building setbacks can potentially contribute 

to the urban environment. Besides, several parameters directly associated with the 

influence of building setbacks are taken into account to propose some general 

guidelines for the design of building setbacks, including the dimensionless height 

(HHS/W) and dimensionless width (DHS/W) for horizontal setbacks and the 

dimensionless length (LVS/L) and dimensionless width (DHS/W) for the vertical setbacks. 

Besides, all the simulations are conducted under both leeward heating (LH) and 

windward heating (WH) scenarios. Moreover, the simulations are based on grid-

sensitivity analysis and validation of the CFD results from the literature. The major 

results are summarized as follows: 

 (1) In the low-rise street canyon, the horizontal setback improves the average wind 

velocity at the leeward pedestrian level (Uwin), while reduces it at the windward side 

(Ulee). The change of wind velocity is directly related to the dimensionless area of the 

vertical cross-section of horizontal setback SHS (= HHS/W×DHS/W), i.e., larger SHS causes 

lower Uwin and Ulee. The horizontal setback can reduce the average air temperature at 

both leeward (Twin) and windward (Twin) pedestrian levels. The reduction of air 

temperature is affected by two dimensionless design parameters of horizontal setback, 

i.e., SHS and HHS/DHS. Both larger SHS (better ventilation) and lower HHS/DHS (more 

shading effect) can help to reduce the pedestrian level air temperature. The horizontal 

setback reduces the average PET at the windward side (PETwin). However, it probably 

increases the PETlee, except for the setback with lower HHS/DHS. The horizontal setback 
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with HHS/DHS =1 reduces both PETwin and PETlee by up to 2.1 ℃. The horizontal setback 

effectively reduces the average two-side pollutant concentrations (Kwin and Klee), 

especially for the setback with larger SHS. The setback with a larger SHS declines Kwin 

and Klee by almost 24–29% and 57–66%, respectively.  

 (2) In the low-rise street canyon, only the vertical setbacks with a short 

dimensionless length LVS/L and a large dimensionless width DHS/W improve both Uwin 

and Ulee. The vertical setback cannot effectively reduce both Twin and Tlee compared 

with the base, although the dimensionless area of horizontal dimensionless horizontal 

section SVS (=LVS/L × DHS/W) is proportional to air temperature. Thus, only the vertical 

setbacks with a short dimensionless length LVS/L and a large SVS can reduce both PETwin 

and PETlee. However, its maximum reduction of PET is less than 0.5 ℃, which is far 

lower than that of the horizontal setback. The vertical setbacks only slightly improve 

both-side air quality. The vertical setback with the largest SVS has the best air quality, 

but it only reduces the Klee by almost 7%.  

 (3) In the high-rise street canyon, except for the horizontal setback with higher SHS, 

most horizontal setbacks have a higher Uwin and Ulee than that of the base. An increase 

in SHS of horizontal setback decreases Uwin but increases Ulee. However, except for the 

horizontal setback with larger SHS, most horizontal setbacks cause a higher air 

temperature than the setback-free counterpart. The shading effect of horizontal setback 

becomes minor due to a higher building height. All the horizontal setbacks can improve 

the both-side thermal comfort in the high-rise street canyon, but its largest decrement 

of PET (only up to 0.8 ℃) is less than that in the low-rise street canyon. A larger SHS 

causes a better leeward thermal comfort but a worse windward thermal comfort. 

Besides, all kinds of horizontal setbacks in the high-rise street canyon result in higher 

Klee compared to the base case. 

 (4) In the high-rise street canyon, a larger dimensionless SVS of vertical setback 

leads to a higher Uwin, but their Uwin is less than that of the base case. Except for the 

case with smaller SVS, the vertical setbacks can significantly improve the Ulee. Besides, 

compared to the base case, all three vertical setbacks provide a lower air temperature 

for two-side pedestrians in most cases. Although the vertical setbacks with smaller SVS 
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have a higher air temperature, a larger SVS can achieve better thermal comfort for two-

side pedestrians. The vertical setback with the largest SVS can reduce PETlee by up to 

0.7 ℃. Moreover, the vertical setbacks effectively improve the air quality for 

pedestrians. Meanwhile, the dimensionless area SVS of vertical setback should be as 

large as possible. The vertical setback with the largest SVS can decrease Klee by up to 

35%. 
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Chapter 5 Effects of tree planting on the outdoor thermal 

comfort and air quality in street canyons  

5.1 Introduction 

 As discussed in Section 1.2.2, the combined solar attenuation and evaporative 

cooling capacity of trees can effectively tackle the intense UHI effect [140,141]. 

However, tree planting has a negative influence on ventilation, resulting in an 

accumulation of pollutants below the tree canopy, in terms of airborne pollutants [142]. 

Besides, an altering of trees parameters, including the tree canopy density (e.g., leaf 

area density (LAD) [132,143,144]), the tree coverage density (e.g., tree spacing 

[145,146]), the tree geometry (e.g., trunk height [147–149]) have been demonstrated to 

significantly affect both thermal environment and pollutant dispersion.  

 Based on this background, the objectives of this chapter are to 1) investigate the 

influence of tree planting on the distribution of air temperature and pollutants with 

consideration of cooling effect and aerodynamic effect at the same time, 2) to find out 

the critical parameters of tree planting (LAD, tree spacing, and trunk height) for a good 

enough thermal comfort but not bad air quality. 

5.2 Description of CFD simulations 

5.2.1 Description of case studies, computational geometry, and grid 

 This chapter employs full-scale 3D street canyon models consisting of five uniform 

buildings (building height H = 24 m and building width Wb = 24 m) and four street 

canyons (street width W = 24 m and, street length L = 240 m,), as seen in Figure 5.1. 

The target street canyon locates between the 3rd and 4th building, while the other 

upstream and downstream identical street canyons are used to reproduce the influence 

of roughness elements [18,25,132–134]. Considering the symmetry of flow structure 

within street canyons, only half of the model is chosen to reduce the computational 

power (Figure 5.1). The street orientation is set as a North-South direction. Considering 

a worse air quality within the street canyon generally yielded by the perpendicular wind, 
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the wind is assumed to go from the west. To represent the leeward heating (LH) scenario 

and windward heating (WH) scenario, the simulation is conducted for steady-state 

weather conditions at LSTs (local solar times) of 9 a.m. (0900 LST) and 3 p.m. (1500 

LST) on a clear summer day in Hong Kong, respectively (Figure 5.1).  

 The tree canopy model is employed in this research. This simplification model is 

one of the most commonly used models to evaluate the impact of trees on urban outdoor 

microclimate, in which the tree trunk for supporting the tree crown is neglected 

[150,151]. This tree canopy model consists of a cluster of tree crowns, as shown in 

Figure 5.1. The whole tree canopy can be considered as a porous medium [132]. 

Eventually, the tree-air interactions are resolved through a set of volumetric sources 

and sink terms [43,74,75], including the calculation of momentum source (Sui), 

turbulence source (Sk), turbulence dissipation sink (Sε), and energy source (ST). By using 

this approach, the aerodynamic effect (AE) and cooling effect (CE) of trees, as well as 

their combined effects, will be represented and parameterized via the LAD.  

 The LAD, the trunk height (Htrunk), and tree spacing (Wspacing) are key influencing 

factors, which are chosen to investigate the in-canyon distribution of pollutant 

dispersion and air temperature. For all the cases, the length (Lcrown = 6 m), width (Wcanopy 

= 4 m), and height (Hcrown = 6 m) of the tree crown are fixed. For the effects of LAD, 

the LAD varies from 0.5 to 2 with 0.5 intervals, which represent sparse to lush foliage. 

The other dependent parameters (i.e., the trunk height (Htrunk/H = 0.25) and tree spacing 

(Wspacing/Wcrown = 0)) are kept constant. For the influences of trunk height, the ratio of 

Htrunk and H (Htrunk/H) increases from 0.125 to 0.75 with an interval of 0.125, and all 

other parameters (i.e., the LAD (= 1) and tree spacing (Wspacing/Wcrown = 0) are kept 

constant, denoting the crown being “close to” to “far away from” the pedestrian level. 

Figure A6.1 (a) shows the set-up of the target street canyon for the case of Htrunk/H = 

0.125 and 0.25. As for the impact of tree spacing, different tree spacing is studied (the 

ratio of Wspacing/Wcrown ranges from 0 to 4), with a constant LAD (= 1) and trunk height 

(Htrunk/H = 0.25). Herein, the case of Wspacing/Wcrown = 0 represents a continuous tree 

canopy. With this regard, the tree canopy 100% occupies the street canyon in the 

spanwise direction. Figure A6.1(b) presents the set-up of the target street canyon for 
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the case of Wspacing/Wcrown = 1 and 4. Besides, the tree-free case does not involve the 

tree canopy, which is treated as the base case. 

 The size and discretization of the computational domain are referred from the 

practice guidelines by Tominaga et al. [97]. Thus, as shown in Figure 5.1, the distances 

between the building and the inlet boundary, lateral boundaries, top boundary, and 

outflow boundary are 5 H, 5 H, 5 H, and 15 H, respectively.  

 As shown in Figure 5.2, the computational domain is discretized into 

approximately four million hexahedral cells. Considering the relatively large gradients 

of the velocity near the ground and building surfaces, the finest grids are deployed 

around these two types of walls. In this chapter, a grid-sensitivity analysis is performed 

based on two additional grids: a coarser grid and a finer grid for the street canyon with 

trees of Htrunk/H = 0.25 and Wspacing/ Wcrown = 0. For the coarse, basic, and fine grids, the 

minimum sizes are set to be 0.4 m, 0.1 m, and 0.05 m, respectively. The total cell 

numbers for the coarse, basic, and fine grids are 1.07 million, 3.83 million, and 13.22 

million, respectively. Therefore, the ratios of the two consecutive cell numbers for the 

grid refinement meet the criterion of 3.4 in the mesh-independent study [97]. The results 

of the grid-sensitivity analysis in Section 5.2.5 indicate that the basic grid provides 

nearly grid-independent results, which can be further used for the remainder of this 

study.  

 

Figure 5.1 Computational geometry and boundary conditions 
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Figure 5.2 Grid distributions of the geometric model for the case of Htrunk/H = 0.25 

and Wspacing/Wcrown = 0 with the basic grid 

5.2.2 Boundary conditions 

 At the domain inlet, a power-law velocity profile is applied as follows,  

 ( ) ref
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where zref is the reference height (= 24 [m]), α is the power-law exponent (= 0.22, stands 

for the underlying surface roughness above medium-dense urban area), Iin is the 

turbulent intensity (= 0.1, refers to [132]), κ  is the von Karman’s constant (= 0.42), 

and Cµ is the model constant (= 0.085). Moreover, Uref is the reference wind speed (= 

3 [m/s]), the reference Reynolds number ( Re refU H ν= ) is about 4.9 × 106, which is 

far larger than 11,000 to satisfy the requirement of Reynolds number independence 

[135]. 
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 Besides, as seen in Figure 5.1, the top and lateral boundaries of the domain are set 

as symmetry boundaries, namely setting normal velocity and normal gradients of all 

variables to zero. On the outlet of the domain, a zero diffusive flux is imposed for all 

flow variables in the direction normal to the outflow plane since the domain 

downstream is long enough to ensure a fully developed outlet flow. For near-wall 

treatment, no-slip wall boundary conditions with standard wall function are applied. 

 Moreover, CO is used as the pollutant representative. As shown in Figure 5.1, a 

uniform volume source (width Wp = 2/3 W and length Lp = street length L) of CO is 

specified near the ground with a depth of 1/12 H to represent the traffic lanes. The 

constant emission rate per hour per unit street length (36.1 g/h/m, i.e., total mass release 

rate of Lp × 1.0 × 10−5 [kg/s]) is adopted for each CO source.  

5.2.3 Numerical models 

 The commercial software ANSYS/Fluent® CFD software (Release 15.0) [127] is 

used to simulate the airflow of ambient wind over this isolated street canyon. The 

numerical analysis is based on the steady-state 3D RANS conservation equations of 

mass, momentum, and energy for the incompressible turbulent flow. RNG k-ε model is 

chosen in this chapter to provide reliable predictions of the mean flows with the thermal 

effect and pollutant dispersion. The governing equations are as follows: 

Continuity equation: 
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Momentum equation: 
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Energy equation: 
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where the stress tensor ijτ  is defined as: 
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where the term ui denotes the i-axis component of the air velocity; p and ρ represent the 

pressure and density; tν  is the turbulent kinematic viscosity; δij is the Kronecker delta; 

k is the turbulence kinetic energy; Sui is the sink of momentum term due to the 

aerodynamic effects of trees; T, αT , and ST represent the air temperature, thermal 

diffusivity, and energy source due to the cooling effect of trees, respectively. The 

Boussinesq approximation is applied to calculate the buoyancy force, i.e., ρ=ρref-

βρref(T-Tref). Here, β, Tref, and ρref are the thermal expansion coefficient, reference 

temperature, and reference air density, respectively. Therefore, air density is treated as 

a constant value in all solved equations, except for the buoyancy term in the momentum 

equations.  

The species transport equation is solved to probe the pollutant dispersion in an 

urban environment, as follows:  

 ( )i
t p

i i i

u Y YD D S
x x x

 ∂ ∂ ∂
− + = ∂ ∂ ∂ 

 (5.8) 

where Sp is the pollutant source term [kg/(m3·s)]; D and Dt (= νt/Sct) denote the 

molecular and turbulent diffusion coefficients of the pollutant, respectively. Sct is the 

turbulent Schmidt number, which is set to 0.4 to account for the underestimation of the 

turbulent mass diffusion from the RANS models [99,152]. Y is the mass fraction of the 

pollutants. This dispersion of pollutants is simulated with the User Defined Scalar (UDS) 

option in ANSYS/Fluent®. 

 This chapter utilizes the pressure-linked equations-consistent (SIMPLEC) 

numerical method for the pressure-velocity coupling. The second-order upwind scheme 

[103] is used to discretize both the convective terms and the diffusion terms. A double-

precision solver is also selected for the CFD calculations. The convergence of the 

normalized residual errors of the energy equation is set to 10−9, whereas the 

convergence criterion of the remaining equations is set to 10−6. 

https://en.wikipedia.org/wiki/Kronecker_delta
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5.2.4 Description of tree model in CFD simulation 

5.2.4.1 Parameterization of aerodynamic effect of trees 

 As one of the aerodynamic effects of trees, the drag force of trees induces a 

reduction in ventilation around the crown [153]. In most CFD studies on the influence 

of trees, the sink of momentum term Sui has been established [154], which well-captures 

both the viscous and inertial losses due to the presence of trees. It is defined as a 

function of air density (ρair) [kg/m3], LAD, drag coefficient (Cd = 0.2) [155], absolute 

wind speed u  [m/s], and wind velocity component (ui) [m/s] in Eq. (5.9) [153,156], 

as follow, 

 ui air d iS LADC u uρ= −  (5.9) 

 Moreover, the drag force modifies the mean flow motion into wake turbulence, 

which leads to the production of turbulent kinetic energy as a result. However, the 

length scale of wake turbulence induced by trees is larger than that of the shear 

turbulence, hence causing a fast dissipation. Similar to the drag force, the turbulent 

kinetic energy (k) and turbulent dissipation rate (ε) are also parametrized as the source 

and sink terms in Eqs. (5.10)–(5.11), respectively [144,157–159]. 

 3( )k air d p dS LADC u u kρ β β= −  (5.10) 

 3
4 5( )air d p dS LADC C u C u

kε ε ε
ερ β β ε= −  (5.11) 

where βp is the fraction of mean kinetic energy converted into turbulent kinetic energy 

by means of drag (= 1) [155,157]; βd is the dimensionless coefficient for the short-

circuiting of the turbulence cascade (= 4) [155,157]; Cε4 (= 1.5) and Cε5 (= 1.5) are 

model constants [157,159]. 

5.2.4.2 Parameterization of cooling effects of trees 

 The parameterization of the cooling effects is based on the tree-canopy cooling 

model established by Grylls and van Reeuwijk [160], with consideration of the effects 

of trees on transpiration and shading of solar radiation at the same time. Besides, this 

model does not need to resolve the leaf temperature via a derivation of the Penman-
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Monteith equation. The implement of tree-canopy cooling effects is based on the energy 

balance model on the leaf surface in Eq. (5.12), which can effectively capture the 

cooling effects of trees. 

 *
sl l Hl ElQ Q Q Q∆ = − −  (5.12) 

where slQ∆ [W/m2] is the heat storage term, encompassing both the change in internal 

energy of the leaf and the photosynthetic heat component on the leaf; *
lQ , HlQ and ElQ  

are the net radiative fluxes [W/m2], sensible heat fluxes [W/m2], and latent heat fluxes 

[W/m2] on the leaf; The subscript, l, denotes the values at the leaf surface. It is 

noteworthy that the heat storage term is negligible by many studies [161,162]. 

Therefore, Eq. (5.12) can be rewritten as follow, 

 * = +l Hl ElQ Q Q  (5.13) 

 For the terms on the left-hand side of Eq. (5.13), the calculation of *
lQ should 

consider the absorption, reflection, transmission, and emission of both short- and long-

wave radiation within the tree crown. Since 3D radiative model for *
lQ is 

computationally intensive and requires several additional free parameters [72], a 

common simplification method is introduced to the current model. By assuming relative 

horizontal homogeneity within the canopy [163], the net radiative flux of a tree canopy 

is reduced to a one-dimensional problem, which is dominated by the incident net solar 

radiation from above, *
aQ [W/m2]. The attenuation of radiation through the tree canopy 

*( )Q z [W/m2] can be estimated by the Beer-Lambert law [164], 

 * *( ) exp( ( ))a sQ z Q LAI zβ= −  (5.14) 

where sβ is the extinction coefficient of solar radiation (= 0.78) [161]; LAI(z) is the 

cumulative leaf area index [m2/m2], which can be calculated as follow, 

 
Z

( ) ( )
ct

z
LAI z LAD z dz′ ′= ∫  (5.15) 

where Zct is the absolute height of the tree-crown top. 
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 Therefore, the net radiation at the leaf *
lQ can be obtained from the net radiation 

*( )Q z within the tree canopy is given by, 

 
*

* 1( )l
dQQ z

LAD dz
=  (5.16) 

 For the terms on the right-hand side of Eq. (5.12), sensible heat flux HlQ  and 

latent heat flux ElQ at the leaf can be calculated by Eqs. (5.17) and (5.18) [165,166], 
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 where Tl and T are the leaf surface and ambient air temperature [℃]; vlε  and vε  

are the vapor pressure at the leaf surface and the vapor pressure of the ambient air [Pa], 

respectively; ρair is the density of air [kg/m3]; Cp, air is the specific heat of air [J/kg·℃]; 

Ra and Rv are the gas constants of dry air (= 287.042 [J/(kg·K)]) and water vapor (= 

461.524 [J/(kg·K)]), respectively; Lv is the latent heat of vaporization (2.5 × 106 [J/kg]); 

P0 is atmospheric pressure [Pa]; rs is the stomatal resistance to vapor diffusion (= 200– 

400 [s/m] for trees and shrubs [167]); ra is the aerodynamic resistance to transpiration 

[s/m], which can be calculated by Eq. (5.19)[168],  

 
0.5

= l
a l

Dr A
u

 
  
 

 (5.19) 

where Dl is the characteristic diameter of leaf [m] and Al is a constant related to tree 

species (=200 [s0.5/m] for deciduous trees) [168]. 

 vlε  in Eq. (5.18) is close to the saturation vapor pressure at the leaf surface 

temperature since evapotranspiration is assumed to be only induced by the transpiration 

through the leaf stomata without considering the condensation or rain on the leaf surface 

[169]. Therefore, the Eq. (5.17) and (5.18) can be solved by calculating the leaf 

temperature Tl at every iteration step. However, we need to perform an initial estimation 

of leaf temperature at the beginning, which might affect the convergence of CFD 
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simulation. Therefore, Grylls and van Reeuwijk [160] indicated that there was a way to 

solve the Eq. (5.13) without the need to model the leaf temperature. This problem can 

be achieved by following the derivation of the classical Penman-Monteith equation 

[170]. In effect, the key idea of this method is to replace the leaf temperature Tl with 

ambient air temperature T. 

 First, we employ a Taylor series expansion of the saturation pressure around T as 

follow, 

 [ ] [ ]= ( ) ( ) ( ) ( ) ( )vl v s l v s v s l s lT T T T D s T Tε ε ε ε ε ε ε ε− − = − + − = + − . (5.20) 

 Thus, the pressure difference between the leaf surface and the surrounding air 

( vl vε ε− ) is partitioned into the vapor pressure deficit of the surrounding air D (=

( )s vTε ε− ) and a term ( )ls T T− that is proportional to the surface-air temperature 

difference. ( )( ) 610exp 17.27 ( 237.3)s T T Tε = +  is the saturation pressure at T. 

= ( )v sRH Tε ε×  is the vapor pressure of the ambient air, where RH is the relative 

humidity of the air. 24098 ( 237.3)ss Tε= +  is the slope of the curve relating 

saturation vapor pressure to the air temperature T [171].  

 Second, substituting Eqs. (5.20), (5.13) and (5.17) into Eq. (5.18) gives,  
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Finally, sensible heat flux HlQ  at the leaf can be obtained by rearranging Eq. (5.13), 
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where  ( ) 12= 1+ a s

a

r r
l s r

γω
−+ is a dimensionless decoupling factor; 0 ,= / ( )p air v a vP C R R Lγ is 

the psychometric constant [Pa/℃].  

 Eventually, we can determine the energy source term ST [W/m3] induced by the tree 

canopy for the energy conservation since the sensible heat flux is the energy supplied 

to heat or cool the surrounding air as follow, 

 =T HlS LADQ . (5.23) 
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5.2.5 Grid sensitivity analysis 

 Three densities of mesh systems are tested for the case of LAD = 1, Htrunk/H = 0.25 

and Wspacing/ Wcrown = 0 under the same environmental conditions. Figure 5.3 compares 

the results of the three grids along the central vertical line at the vertical center plane of 

the street canyon, including the dimensionless mean velocity (U/Uref), air temperature 

(T), and dimensionless pollutant concentration (K). Herein, the dimensionless pollutant 

concentration is defined as = ref p pK CU HL S V , where C is the local pollutant 

concentration [kg/m3] and Vp is the volume of pollutant source [m3]. Along this line, 

the fine and the basic grid provide almost identical results, while some deviations are 

found between the results of the coarse and the basic grid. Besides, the near-wall area 

is resolved by the standard wall functions directly on the condition that the y+ of the 

first near-wall mesh for building surfaces and ground is 267.7 on average, which is in 

the log-law layer 30 < y+ < 300 [127,136].  

 

Figure 5.3 Comparison of (a) U/Uref, (b) T, and (c) K along a center vertical line inside 

the street canyon in the vertical center plane in coarse, basic, and fine grids. 
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5.3 Validation 

5.3.1 Validation of the aerodynamic effect of trees and pollutant dispersion 

 The current computational model to reproduce concentration fields within street 

canyons is validated by a wind tunnel experiment conducted earlier at the Laboratory 

of Building and Environmental Aerodynamics, University of Karlsruhe [172,173]. The 

wind tunnel had a test section of 2 m long, 2 m wide, and 1 m high (Fig. A5.2(a)), in 

which a scaled model (1:150) of a three-dimensional isolated street canyon constructed 

by two parallel model-buildings with the dimension of H × Wb × L= 0.12 m × 0.12 m × 

1.2 m (Fig. A5.2 (c)) was tested. Meanwhile, the street width W was equal to the 

building width Wb. This isolated street canyon was simulated in a neutral atmospheric 

boundary layer (ABL) by using vortex generators and a 5 m long fetch covered with 

roughness elements (Fig. A5.2 (a)). This combination produced a simulated boundary 

layer with a power-law exponent α of 0.30, reference velocity of the incoming flow of 

4.7 m/s at z = H, and a friction velocity *
ABLu  of 0.52 m/s. Besides, as seen in Fig. A5.2 

(b) and (c), a single-row tree canopy model with a pressure loss coefficient λ of 80 m−1 

(corresponding to a porous volume fraction of 97.5%) was placed in the center of the 

street canyon along the street axis. Moreover, Sulfur hexafluoride (SF6) was used as a 

tracer gas for modeling the release of traffic exhaust fumes and was emitted 

homogenously by four-line sources mounted at the bottom of the model. To account for 

the traffic exhaust fumes released on the street intersections, each line source exceeds 

the street canyon by approximately 10% on each side. For more information related to 

the wind tunnel experiments, the reader is referred to [172,173].  

 In this validation study, the concentration value is calculated in the non-

dimensional form as * ( )refC CU H Q l= , where C is the measured concentration 

[g/m3], and Q/l is the tracer gas source strength per unit length [g/m/s]. As shown in 

Figure 5.4, the experimental and numerical distributions of the dimensionless pollutant 

concentration are consistent. Therefore, this numerical model with the presence of trees 

is capable of predicting in-canyon pollutant dispersion. 
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Figure 5.4 Comparison results of dimensionless pollutant concentration at the (a) 

leeward surface and (b) windward surface of the street canyon. 

5.3.2 Validation of the cooling effect of trees 

 The tree-canopy cooling model is validated against the experimental study of 

Kichah et al. [162], which was conducted within a glasshouse compartment located in 

Angers of France (latitude: 47.5°N, longitude: -0.5°W) in July 2009. As seen in Figure 

A5.3(a), this experiment investigated the airflow through mature impatiens plants 

grown in pots in a greenhouse and corresponding heat exchanges between vegetation 

and the air. A comprehensive dataset of environmental conditions was provided by the 

experiments and further comparisons, including the short- and long-wavelength solar 

radiation, inlet temperature, relative humidity, and ground temperature (Figure 5.5(a)- 

(c)), which can be set as the boundary conditions for the CFD simulations. For more 

information related to this experiment, the reader is referred to [162]. Furthermore, 

Kichah et al. [162] indicated that their study mainly showed a 2D characteristic due to 

simple experimental conditions. Therefore, the CFD simulation for validation can be 

considered as a 2D model, as presented in Figure A5.3(b). To justify the cooling model 

used in this chapter, the measured and simulated air temperature in the middle position 

of the canopy are compared in Figure 5.5(d). The comparison indicates that the 

numerical results are basically in agreement with the experiments from 9 am to 6 pm. 

The relatively large deviation of air temperature during the afternoon could be 

attributed to an underestimation of inlet wind velocity induced by a stronger buoyancy 

force. Generally, the predicted results of air temperature are sufficiently accurate. 
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Figure 5.5 (a) Measured short- and long-wavelength solar radiation, (b) Measured 

relative humidity, (c) Measured inlet air and ground temperature, and (d) Comparison 

of the measured and simulated air temperature in the middle position of the canopy. 

5.4 Results 

5.4.1 Influence of aerodynamic effect and cooling effect 

 In this section, the influence of aerodynamic effect (AE) and cooling effect (CE) 

of tree canopy on the wind velocity, air temperature, and pollutant concentration will 

be explored. It should be noted that only the momentum source (Sui) is considered for 

the case of AE, while only the energy source (ST) is considered for the case of CE. 

Besides, for all cases, LAD (= 1), trunk height (Htrunk/H = 0.25), and tree spacing 

(Wspacing/Wcrown = 0) are kept constant to isolate the influence of AE and CE.  

 First, the change in wind velocity under both LH and WH scenarios is studied. 

Under the LH scenario, the AE of the tree canopy significantly reduces the pedestrian 
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level wind velocity close to the lateral boundary of the street canyon, comparing with 

the tree-free case (Figure 5.6 (a)). This is because the AE of the tree canopy greatly 

weakens the influence of lateral entrainment, which impedes the lateral airflow. 

Therefore, there is degraded ventilation within the street canyon. As seen in Figure 5.7 

(a), the average pedestrian level wind velocity (Uped) declines by 15% compared to the 

tree-free case. Interestingly, the CE also lowers the in-canyon ventilation since it leads 

to a stagnant region in the center of the street canyon (Figure 5.6 (a)). When compared 

with the tree-free case, its Uped reduces by 11% (Figure 5.7 (a)). This might attribute to 

the inversion layer caused by the CE. The inversion layer induces a negative buoyancy 

force around the tree canopy, which competes with the buoyancy force caused by solar 

radiation. As a result, the ventilation of the center of the street canyon is restrained. 

Furthermore, when considering the AE and CE simultaneously, the combination of AE 

and CE leads to a more severe stagnant flow in the center of street canyons (Figure 5.6 

(a)), which thus results in a nearly 43% reduction in the Uped (Figure 5.7 (a)). Under the 

WH scenario, the AE of the tree canopy also restrains the lateral airflow, which thus 

declines the wind velocity in the vicinity of the lateral boundary of the street canyon 

(Figure 5.6 (a)). The AE causes an 8% reduction in the Uped (Figure 5.7 (a)). However, 

different from the case under the LH scenario, the CE of the tree canopy cannot create 

a stagnant flow region in the center of the street canyon (Figure 5.6 (a)). Nonetheless, 

the inversion layer induced by the CE still reduces the ventilation of the street canyon. 

Hence, the Uped reduces by 7% (Figure 5.7 (a)). Then, with consideration of AE and CE 

at the same time, the presence of trees causes a 29% reduction in Uped, which is lower 

than that under the LH scenario (Figure 5.7 (a)). 

 Second, the influence of trees on air temperature is discussed. Under both LH and 

WH scenarios, weaker ventilation somewhat caused by the AE reduces the upward 

dispersion of heat induced by the solar radiation around the ground level (Figure 5.6 

(b)). Hence, the average air temperature at the pedestrian level Tped increases by almost 

0.2 ℃ under both LH and WH scenarios (Figure 5.7 (b)). In contrast, the CE of the tree 

canopy cools down the air flowing through it, particularly under the LH scenario. As 

seen in Figure 5.7 (b), the CE under the LH scenario results in a larger reduction in Tped 
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(0.4 ℃) than in the WH scenario (0.2 ℃). The possible reason should be attributed to 

the stagnation region caused by the CE, which enhance the cooling performance of tree 

canopy (Figure 5.6 (a)). Furthermore, the combined influence of AE and CE leads to a 

more effective cooling performance, especially under the LH scenario. As a result, the 

Tped significantly decreases by 1.1 ℃ under the LH scenario and 0.3 ℃ under the WH 

scenario, compared to the tree-free case (Figure 5.7 (b)).  

 Third, pollutant dispersion phenomena within the street canyon caused by the 

presence of trees are illustrated in Figure 5.6 (c). For the canyons without trees, under 

both LH and WH scenarios, the stronger lateral entrainment contributes to the transport 

of pollutants inward into the canyon center region, which causes a significant 

accumulation of pollutants. Then, these pollutants disperse upwards along the both-side 

building surface in the canyon center region. When only the AE is involved, there is 

weaker lateral entrainment, which deters the pollutant from dispersing upwards to the 

upper layer of the street canyon. Accordingly, the average normalized pollutant 

concentration at the pedestrian level (Kped) increases by 29–38% (Figure 5.7 (c)). When 

only considering the CE of trees, the stagnant flow region in the center of street canyons 

hinders the pollutant dispersion under the LH scenario. Hence, its Kped increases by 

54%. In contrast, under the WH scenario, the increase of Kped becomes relatively slight. 

It could be concluded that both AE and CE lead to the accumulation of pollutants, 

especially under the LH scenario. Thus, the combined influence of AE and CE results 

in a more evident increase in pollutant concentrations. As seen in Figure 5.7 (c), Kped 

increases by 210% under the LH scenario and by 62% under the WH scenario. 

 In conclusion, the presence of trees within the street canyon largely alters the 

distribution of air temperature and pollutant concentration; thus, it is essential to 

shedding new light on the influence of some characteristic parameters of trees in the 

following section. Secondly, there is some difference in the influence of in-canyon trees 

under the LH and WH scenarios. The presence of trees induces a more significant 

change in air temperature and pollutant concentration under the LH scenario. Hence, 

the influence of trees will be analyzed under both the LH and WH scenarios. Thirdly, 

the AE and CE of the tree canopy play different roles in determining the flow field, 
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which thus affects the air temperature and pollutant dispersion. Within this regard, the 

influence of different AE and CE caused by different design parameters of trees will be 

further studied. 
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Figure 5.6 Predicted contours for different effects of trees with the street canyon:  

(a) Wind velocity, (b) Air temperature, and (c) Pollutant concentration.  

(Red dashed boxes represent the position and boundaries of the trees) 

 
Figure 5.7 Average values of (a) Wind velocity, (b) Air temperature, and (c) Pollutant 

concentration under different effects of trees at pedestrian level  

5.4.2 Effects of the leaf area density 

 In this section, the influence of LAD of the tree canopy is explored. When varying 

the LAD (0.5, 1, 1.5, and 2), all other dependent parameters (i.e., the trunk height 

(Htrunk/H = 0.25) and tree spacing (Wspacing/Wcrown = 0)) are kept constant. Besides, as 

discussed above, there is some difference in the influence of in-canyon trees under the 

LH and WH scenarios.  

 First, the influence of LAD is discussed at the pedestrian level. Comparing the tree-

free case and case of LAD = 0.5 under both LH and WH scenarios, the presence of the 

tree with LAD = 0.5 almost does not change the flow structure and corresponding air 
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temperature and pollutant concentrations at the pedestrian level (Figure 5.8). With an 

increase in LAD (from 0.5 to 1), the stagnant flow region in the center of street canyons 

enlarges and becomes more stable near ground level, which deters the top entrainment 

from penetrating down to the ground level (Figure 5.8 (a)). Thus, with the increase in 

LAD, poorer ventilation within the street canyons can be. This is because that the tree 

canopy with a higher LAD has a larger flow resistance and a stronger cooling effect 

according to Eq. (5.9) and (5.23). As a result, the case of LAD = 1 certainly has a 

lower air temperature (Figure 5.8 (b)) and higher pollutant concentration (Figure 5.8 

(c)) than the case of LAD = 0.5 at the pedestrian level, especially under the LH scenario. 

 Second, the influence of LAD on two-side thermal comfort and air quality is 

discussed (Figure 5.9). Comparing the tree-free case and case of LAD = 0.5, the tree of 

LAD = 0.5 results in a significant reduction in air temperature close to both the entire 

leeward and windward surface (from Level 1 to 8; the calculation of average value at 

different height is shown in Figure A5.4), particularly for the surface directly heated by 

solar radiation. For instance, the tree of LAD = 0.5 causes an over 1 ℃ reduction in air 

temperature close to the leeward surface under the LH scenario. In contrast, the tree of 

LAD = 0.5 hardly changes the vertical distribution of pollutant concentrations, 

particularly under the WH scenario. With an increase in LAD (from 0.5 to 1), the 

cooling effect on the two-side surface is further improved, which causes a more 

significant reduction of air temperature on the two-side surface, especially for the low-

level space (Level 1 to 4). However, the increased LAD can greatly worsen the air 

quality of the whole leeward surface under the LH scenario due to the stagnant flow 

region in the center of street canyons. Under the LH scenario, the leeward Klee increased 

by up to approximately 150% compared to the tree-free counterpart. 

 Third, a larger variation of LAD (from 0.5 to 2) is investigated. Herein, the surface-

average value on the both-side building surface is compared (the calculation of surface 

average values can refer to Figure A5.5). The aforementioned trends are still found with 

a larger variation of LAD, as presented in Figure 5.10. The influence of LAD on both 

air temperature and pollutant concentration is pretty significant. An increase in LAD 

from 0.5 to 1 has led to an up to almost 1℃ reduction of average air temperature, 
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especially at the pedestrian level. For a large range of LAD (from 0.5 to 2), the air 

temperature reduction can be up to approximately 4 ℃. Similarly, when LAD increases 

from 0.5 to 1, there has been an obvious increase in K by up to 100%. For a large range 

of LAD (from 0.5 to 2), K increases by up to almost 370%. Accordingly, it can be 

deduced that planting higher-LAD trees certainly creates a better thermal comfort 

environment in the street canyon, but it unavoidably results in a significant 

accumulation of traffic-related pollutants. Thus, the trees with low LAD (= 0.5) are 

suggested, since they hardly worsen the air quality but still induce a 0.5–1 ℃ reduction 

in air temperature on both-side surfaces. 
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Figure 5.8 Predicted contours for various leaf area density with the street canyon: 

(a) Wind velocity, (b) Air temperature, and (c) Pollutant concentration 
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Figure 5.9 Vertical profiles of air temperature (AT) and pollutant concentration (PC) 

close to both leeward surface and windward surface for various LAD under (a) LH 

scenario and (b) WH scenario. These two profiles were drawn from the average AT and 

PC at each floor (3 m per level). 

 

Figure 5.10 Profiles of average air temperature (AT) of (a) pedestrian level, (b) leeward 

side, and (c) windward side, and average pollutant concentration (PC) of (d) pedestrian 

level, (e) leeward side, and (f) windward side with various LAD (LAD from 0.5 to 2).  
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5.4.3 Effects of the trunk height 

 In this section, the influence of the trunk height of trees is investigated. When 

varying the ratio of trunk height (Htrunk/H from 0.125 to 0.75 with an interval of 0.125), 

all other dependent parameters (i.e., the LAD (= 1) and tree spacing (Wspacing/Wcrown = 

0) are kept constant. 

 First, the influence of trunk height is explored at the pedestrian level. The 

comparison of tree-free cases and the case of Htrunk/H = 0.25 has been discussed above.  

With an increase in the trunk height (Htrunk/H from 0.25 to 0.5) under both LH and WH 

scenarios, less flow resistance on the lateral entrainment let more fresh air penetrate 

more deeply into the center region of the street canyon, leading to the inward 

contraction of the region with poor ventilation (Figure 5.11 (a)). As a result, there is a 

relatively larger wind velocity for a higher trunk height. Besides, the lift-up tree canopy 

leads to a significant change in flow structure under the LH scenario. The stagnant 

region close to the center plane of the canyon almost disappears. This could be 

attributed to the lifted-up inversion layer when trunk height increases. Interestingly, the 

stronger wind velocity due to higher trunk height does not significantly contribute to 

the enhancement of the thermal environment at the pedestrian level (Figure 5.11 (b)). 

Instead, the cooling effect of trees on the Tped becomes weaker, particularly under the 

LH scenario. There are mainly two reasons. One is that the stagnant airflow region near 

ground level, which can enhance the cooling effect of the tree canopy, disappears with 

an increase in the trunk height; the other is that when the location of the tree canopy is 

lifted (higher height of red frame), it is not easy for the cooling airflow through the tree 

canopy to penetrate the ground level anymore. As for the pollutant concentration in 

Figure 5.11 (c), the distribution of pollutants is in direct relation to flow structure. Then, 

the stagnant region is contracted, and the ventilation is improved due to a lifted-up tree 

canopy, which reduces the accumulation of pollutants near the ground. Accordingly, a 

substantial reduction of pollutant concentration is observed at the pedestrian level when 

trunk height increases. 
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 Second, the influence of trunk height is discussed close to the two-side surfaces. 

As seen in Figure 5.12, the increased trunk height causes a weaker cooling effect of 

trees on the low-level space. The case of Htrunk/H = 0.5 is almost 0.5 ℃ higher than the 

case of Htrunk/H = 0.25 from Level 1 to 3. Nonetheless, its air temperature on both 

leeward and windward surfaces is still far lower than its tree-free counterpart. The 

increased trunk height leads to an obvious reduction in pollutant concentrations on both 

the entire leeward and windward surface. Except for the leeward surface under the LH 

scenario, the presence of trees almost does not worsen the two-side air quality. 

Third, a larger variation of trunk height (Htrunk/H ranges from 0.125 to 0.75) is 

investigated. As seen in Figure 5.13, the trends obtained above can be also observed 

under a larger variety of trunk height. Generally, an increase in Htrunk/H from 0.125 to 

0.75 results in a weaker cooling effect and a lower pollutant concentration. Besides, 

there is a more significant positive correlation between trunk height and air temperature 

when Htrunk/H is less than 0.375, especially for the pedestrian level. Once Htrunk/H is 

over 0.375, the trees hardly improve the thermal comfort at the pedestrian level, when 

compared with the tree-free case. Interestingly, even the highest tree canopy still results 

in an improvement of thermal comfort on two-side surfaces, especially for the surface 

directly heated by solar radiation. For instance, the trees with Htrunk/H= 0.75 still have 

almost 1℃ reduction of air temperature on the windward surface under the WH 

scenario. Moreover, an increase in trunk height is also in positive relation to the 

enhancement of air quality. Compared with the tree-free counterpart, the concentration 

only slightly increases for all positions when the Htrunk/H is over 0.375. Therefore, 

higher trunk height is advocated (Htrunk/H > 0.375). Under this certain, the presence of 

trees still results in a better thermal environment on two-side surfaces. Meanwhile, 

these kinds of trees hardly worsen the air quality.  
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Figure 5.11 Predicted contours for various trunk height with the street canyon: (a) Wind 

velocity, (b) Air temperature, and (c) Pollutant concentration 

 

Figure 5.12 Vertical profiles of air temperature (AT) and pollutant concentration (PC) 

close to both leeward surface and windward surface for various Htrunk under (a) Leeward 

heating scenario (0900) and (b) Windward heating scenario (1500) 
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Figure 5.13 Profiles of average air temperature (AT) of (a) pedestrian level, (b) leeward 

side, and (c) windward side, and average pollutant concentration (PC) of (d) pedestrian 

level, (e) leeward side, and (f) windward side with various Htrunk (Htrunk/H from 1/8 to 

3/4) 

5.4.4 Effects of the tree spacing 

 In this section, we will study the effects of tree spacing. When varying the tree 

spacing (Wspacing/Wcrown ranges from 0 to 4), all other dependent parameters (i.e., the 

LAD (= 1) and trunk height (Htrunk/H = 0.25)) are kept constant. 

 First, the influence of tree spacing is discussed at the pedestrian level. The 

comparison of tree-free cases and the case of Wspacing/Wcrown = 0 has been discussed 

above. As seen in Figure 5.14 (a), the increased tree spacing (Wspacing/Wcrown increase 

from 0 to 1) significantly improves the ventilation, particularly under the LH scenario. 

Besides, under the LH scenario, the increased tree spacing further makes the stagnant 

flow region disappear. This is because that the spacing between trees can not hinder the 

airflow caused by the top entrainment. However, based on a similar reason for trunk 

height, larger tree spacing results in a relatively weaker cooling effect at the pedestrian 
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level. Moreover, a larger tree spacing promotes pollutant dispersion out of the street 

canyon. Thus, compared with the tree-free case, the case of Wspacing/Wcrown = 1 almost 

does not increase the pollutant concentration at the pedestrian level. 

 Second, the influence of tree spacing is discussed close to the two-side surfaces. 

As shown in Figure 5.15, the increased tree spacing reduces the cooling effect on the 

entire vertical distribution of air temperature for both leeward and windward surfaces. 

Nevertheless, the tree planting with Wspacing/Wcrown = 1 still has a better thermal 

environment compared to the tree-free case. Moreover, the increased tree spacing 

largely reduces the accumulation of pollutants on both surfaces. Even for the leeward 

side under the LH scenario, the presence of trees only causes an approximately 30% 

increase in Klee compared with the tree-free counterpart. 

 Third, a larger variation of tree spacing (Wspacing/Wcanopy ranges from 0 to 4) is 

discussed. Under a larger change in tree spacing, the same trends can be observed in 

Figure 5.16. Generally, an increase in Wspacing/Wcanopy causes a weaker cooling effect 

when Wspacing/Wcanopy ≤ 2. Once Wspacing/Wcanopy is over 2, the cooling effect almost does 

not change. Nonetheless, even the largest tree spacing (Wspacing/Wcanopy = 4) still can 

effectively decrease the air temperature close to the heated surface by up to 1℃. 

Similarly, an increase in Wspacing/Wcanopy causes a significant improvement of air quality 

when Wspacing/Wcanopy ≤ 2. Once Wspacing/Wcanopy is over 2, the presence of trees does not 

worsen the air quality compared with the tree-free case. Therefore, larger tree spacing 

(Wspacing/Wcanopy> 2) is advocated to improve the urban environment by tree planting. 
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Figure 5.14 Predicted contours for various tree spacing with the street canyon: (a) Wind 

velocity, (b) Air temperature, and (c) Pollutant concentration 

 
Figure 5.15 Vertical profiles of air temperature (AT) and pollutant concentration (PC) 

close to both leeward surface and windward surface for various Wspacing under (a) 

Leeward heating scenario (0900) and (b) Windward heating scenario (1500) 
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Figure 5.16 Profiles of average air temperature (AT) of (a) pedestrian level, (b) leeward 

side, and (c) windward side, and average pollutant concentration (PC) of (d) pedestrian 

level, (e) leeward side, and (f) windward side with various Wspacing (Wspacing /W from 0 

to 4) 

5.5 Discussion 

5.5.1 Effect of relative humidity 

 Higher vapor pressure deficit D due to lower RH can result in a stronger cooling 

effect, which probably affects the distribution of in-canyon pollutant concentration. 

Thus, this section attempts to investigate the influence of trees under low RH conditions 

(= 50 %).   

 First, compared to the high RH, the increasing LAD under the low RH results in a 

greater reduction of air temperature, particularly at the pedestrian level (over 7 ℃), due 

to a more significant cooling effect (Figure 5.17 (a)). However, this stronger cooling 

effect certainly causes a more stagnant flow region, which also occupies a larger space 

near the ground level. Hence, the increasing LAD results in a more significant 

accumulation of pollutants. Besides, it is noteworthy that the trees with LAD = 1 under 

low RH have a similar cooling effect for cooling the in-canyon air temperature with 
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that of LAD = 2 under high RH, especially for the two-side building surfaces. However, 

the trees with LAD = 1 under low RH cause a better in-canyon air quality than that of 

LAD = 2 under high RH due to lower flow resistance. Hence, under low RH, the trees 

with a lower LAD are advocated.  

 Second, when Htrunk/H ≥ 0.375, the change of RH has fewer effects under the WH 

scenario (Figure 5.17 (b)). Furthermore, when Htrunk/H ≥ 0.625, the variation of RH has 

a slight influence on the in-canyon pollutant concentration and air temperature under 

both LH and WH scenarios. Hence, the influence of RH should be taken into 

consideration for a lower trunk height.  

 Third, when Wspacing/Wcanopy ≥ 1, a decrease in RH hardly reduces air temperature 

or increase pollutant concentration under both LH and WH scenario (Figure 5.17 (c)). 

In other words, for sparse tree coverage, the influence of RH on the in-canyon pollutant 

concentration and thermal environment can be ignored. 

 

(a) Different LAD 
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(b) Different Htrunk 

 

(c) Different Wspacing 

Figure 5.17 Average air temperature (AT) and pollutant concentration (PC) of 

pedestrian level, leeward side, and windward side under low RH (= 50%) and high RH 

(= 70%) for various (a) LAD, (b) Htrunk and (c) Wspacing 

5.6 Summary  

 This chapter has presented numerical simulations to simultaneously investigate the 

impact of trees on the outdoor thermal environment jointly with outdoor air quality 
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within a street canyon under the perpendicular wind on a clear summer day. Hereafter, 

these two aspects can be evaluated under the same framework, hopefully, to provide 

some clues to find out whether trees can potentially contribute to the urban environment. 

Besides, several parameters directly associated with the influence of on-street trees are 

taken into account to propose some general guidelines for urban tree plantings, 

including three characteristics of tree canopy (leaf area density (LAD), trunk height 

(Htrunk/H), and tree spacing (Wspacing/Wcrown)). Besides, all the simulations are conducted 

under both leeward heating (LH) and windward heating (WH) scenarios. Moreover, the 

simulations are based on grid-sensitivity analysis and validation of the CFD results 

from the literature. The major results are summarized as follows: 

 (1) Both aerodynamic effect (AE) and cooling effect (CE) of trees largely alter the 

outdoor thermal environment and air quality, especially for the LH scenario. However, 

these two effects play different roles in determining in-canyon air temperature and 

pollutant concentrations. In terms of trees with LAD =1, Htrunk/H = 0.25, and 

Wspacing/Wcrown = 0, the AE of trees can effectively slow the airflow through the tree 

crown down without changing the flow structure within street canyons, which leads to 

at most a 0.2 ℃ increase in Tped and up to a 38% increase in Kped compared with the 

tree-free counterpart. In contrast, the CE of trees creates an inversion layer around the 

position of the tree canopy, thus inducing a negative buoyancy force and competing 

with the buoyancy force due to solar radiation. Therefore, the CE of trees also causes 

poor ventilation, which results in up to 0.4 ℃ reductions in Tped and up to 54% increase 

in Kped. Considering the AE and CE at the same time, the presence of trees causes a 

more significant reduction of Tped (up to 1.1 ℃) and an increase of Kped (up to 210%). 

 (2) Increasing LAD (from 0.5 to 2) results in a significant reduction of average air 

temperature by up to 1.5 ℃ for all positions (two-side surfaces and pedestrian level) 

under both LH and WH scenarios. This increased LAD unavoidably causes a worse air 

quality, especially under the LH scenario. This is because a higher LAD has a stronger 

cooling effect but a larger flow resistance. Therefore, the trees with low LAD (= 0.5) 

are suggested since they hardly worsen the air quality but still induce a 0.5–1 ℃ 

reduction in air temperature. 
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 (3) An increase in Htrunk/H from 0.125 to 0.75 causes a weaker cooling effect but a 

lower pollutant concentration. This is because the lift-up tree canopy makes the lateral 

entrainment more easily penetrate into the inner of the street canyon, contributing to 

pollutant dispersion, while the cooling airflow through the tree canopy is not easy to 

penetrate into the lower space anymore with the lifted location of the canopy. 

Interestingly, when the Htrunk/H is over 0.375, increased trunk height causes a minor 

change in air temperature and pollutant concentration. However, it should be noted that, 

compared to the tree-free case, even the highest tree canopy causes up to nearly 1.5 ℃ 

reductions on two-side surfaces, especially for the surface directly heated by the solar 

radiation. Hence, higher trunk height (Htrunk/H > 0.375) is advocated. 

 (4) Increasing Wspacing/Wcanopy from 0 to 4 causes a higher in-canyon air temperature 

and a lower pollutant concentration under both LH and WH scenarios. The increase in 

air temperature is attributed to a weaker cooling effect due to less tree coverage. 

However, larger spacing between trees allows more fresh air to vertically penetrate into 

the lower space of the street canyon, which helps to improve pollutant dispersion. When 

the Wspacing/Wcanopy ≥ 2, increased tree spacing causes a minor change in air temperature 

and pollutant concentration. Similar to the trunk height, even the largest tree spacing 

(Wspacing/Wcanopy = 4) still can effectively decrease the air temperature close to the heated 

surface by up to 1℃. Accordingly, larger tree spacing (Wspacing/Wcanopy ≥ 2) is 

recommended. 

 Despite the obtained findings, the present study had several limitations. First, only 

the simplified tree canopy is considered to evaluate the influence of tree planting. An 

identical LAD is assumed for the entire tree crown. In effect, the tree crown should 

have a change in the vertical direction. Hence, the vertical distribution of LAD will be 

considered in the future. Second, only the aerodynamic and cooling effects induced by 

trees are taken into account since the present study mainly focuses on passive gaseous 

pollutants. The deposition effect (the deposition of pollutants onto leaf surfaces) caused 

by trees should be investigated, in terms of particulate matters (PMs). Third, only a high 

RH is assumed for the study because this study attempts to provide some suggestions 

of tree planting for the tropics and subtropics cities, such as Hong Kong. There is high 
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RH in these cities in summer. As discussed above, a different RH will result in a 

different vapor pressure deficit, which therefore affects the cooling efficiency of trees. 

Accordingly, a more universal conclusion can be drawn when a larger range of RH is 

considered in the future. 
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Chapter 6 Effects of lateral entrainment on pollutant 

dispersion inside a street canyon and the corresponding 

optimal urban design strategies  

6.1 Introduction 

 In most of the previous studies dealing with pollutant dispersion in canyons, the 

length of the street canyon has been assumed to be infinite when the ambient wind was 

perpendicular to the street axis [29,174–176]. Consequently, the flow structure is 

mainly influenced by the top entrainment at the roof level of the infinite-long street 

canyon. From the building roof, the fresh air is entrained into the street canyon to form 

a clockwise recirculation with a horizontal (spanwise) axis (canyon vortex), which 

occupies the entire space of the street canyon [177]. In effect, the length of the street 

canyon is finite [178,179]; thus, the lateral entrainment exists at the street ends. The 2D 

simulations that consider only the top entrainment could not completely reflect the flow 

topology and pollutant dispersion processes in the entire street canyon [180]. At the 

same time, the influence of lateral entrainment on the pollutant dispersion inside the 

street canyon has been confirmed in early studies. In a finite-long 3D street canyon, as 

seen in Figure 6.1, the canyon vortex caused by the top entrainment usually appears 

nearby the center-plane of the street canyon [145]. However, at the ends of the street of 

a regular street canyon with H/W = 1, Hunter et al. [181] and Leitl and Meroney [182] 

found that there are double-eddy circulations (corner vortexes) with a vertical axis, 

entraining fresh air from the lateral shear layer (Figure 6.1). Accordingly, the developed 

flow regime consists of a canyon vortex (caused by top entrainment) in the inner area 

and of two corner vortices (caused by lateral entrainment) at the street ends [183,184].  

 In general, few previous studies are aware of the importance of lateral entrainment 

on the pollutant dispersion within street canyons, especially for the deep street canyon. 

Indeed, the distribution of pollutants inside canyons can be very sensitive to lateral 

entrainment. Moreover, so far, the quantitative analysis of the influence of lateral 

entrainment is rare. Besides, previous studies have not determined how to effectively 
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utilize lateral entrainment to improve the air quality within the urban canopy. All these 

impose the need for investigating the effects of lateral entrainment on pollutant 

dispersion inside a street canyon and the corresponding optimal urban design strategies. 

 Given this background, the objectives of this chapter are (1) to elucidate the 

mechanisms for how lateral entrainment affects the pollutant concentrations in the 

canyons with different geometries (different building heights and lengths), (2) to 

quantify the influence of lateral entrainment on the reduction of pollutant 

concentrations, for the canyons with different geometries (different building heights 

and lengths), compared with the infinite-long canyons alternative, and (3) to explore 

several optimal design strategies for improving the air quality within the street canyons 

by enhancing the lateral entrainment. 

 

Figure 6.1 Schematic illustration of the canyon vortex caused by the top entrainment 

and corner vortex caused by the lateral entrainment within a 3-D regular street canyon 

(H/W = 1) and subjected to perpendicular approaching wind. 

 

6.2 Description of wind tunnel experiments for CFD validation 

 The current computational model to reproduce the flow and concentration fields 

within street canyons is justified by a wind tunnel experiment conducted earlier at the 

Laboratory of Building and Environmental Aerodynamics, University of Karlsruhe 

[172,173]. The wind tunnel had a test section of 2 m long, 2 m wide, and 1 m high 

(Figure 6.2(a)), in which a scaled model (1:150) of a three-dimensional isolated street 

canyon constructed by two parallel model-buildings with the dimension of H × Wb × 

L= 0.12 m × 0.12 m × 1.2 m (Figure 6.2(b)) was tested. Meanwhile, the street width W 

Canyon vortex 
caused by top entrainment

Corner vortex 
caused by lateral entrainmentAmbient wind 
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is equal to the building width Wb. This isolated street canyon was simulated in a neutral 

atmospheric boundary layer (ABL) by using the vortex generators and a 5m long fetch 

covered with roughness elements (Figure 6.2(a)). This combination produced a 

simulated boundary layer with a power-law exponent α of 0.30 and a friction velocity 

*
ABLu  of 0.52 m/s. The mean streamwise velocity profile of the approaching flow in the 

upstream can be approximated by using the following power-law form,  

 0.3( ) ( / )refU z U z H= ×  (6.1) 

where Uref = 4.7 m/s is the reference velocity of the incoming flow at z = H with a 

Reynolds number of approximately 37,600, based on the building height H and the 

reference velocity Uref. Besides, Sulfur hexafluoride (SF6) was used as a tracer gas for 

simulating the release of traffic exhaust fumes and was emitted homogenously by four-

line sources mounted at the bottom of the model. To account for the traffic exhaust 

fumes released on the street intersections, each line source exceeded the street canyon 

by approximately 10% on each side. For more information related to the wind tunnel 

experiments, the reader is referred to [172,173]. Besides, it should be mentioned that 

the aforementioned wind tunnel experiment mainly offers concentration data within 

street canyons, including the canyon with trees and the canyon without trees. Herein, 

the free-tree case is chosen for the validation study. 
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Figure 6.2 Schematics of (a) test section of the wind tunnel, and (b) wind tunnel model 

of the urban street canyon (scale 1:150) [172,173] 

6.3 Description of CFD simulations 

6.3.1 Description of case studies, computational geometry, and grid 

 The street canyon configurations used in this chapter are constructed based on the 

scaled model (1:150) of an isolated street canyon adopted in the wind tunnel experiment 

mentioned above. Besides the configuration studied by the wind tunnel experiment, 

seven more configurations with various height and length aspect ratios, which are 

defined as H/W (= 1 and 3) and L/W (= 1, 5, 10, and ∞), are considered to investigate 

the effects of the lateral entrainment (Figure 6.3(b)). These eight street canyons are first 

divided into two groups according to the aspect ratio of the building height to the street 

width (H/W), namely, the low-rise street canyons (H/W = 1) and high-rise street canyons 

(H/W = 3). Additionally, in each group, four aspect ratios of the building length to the 

street width (L/W) were considered, namely, the short street canyon (L/W = 1), the 
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medium street canyon (L/W = 5), the long street canyon (L/W = 10), and the infinite-

long street canyon (L/W = ∞), according to the classification of Oke et al. [185]. 

 The size and discretization of the computational domain are referred from the 

practice guidelines by Tominaga et al. [97]. Thus, as shown in Figure 6.3 (a), the 

distances between the building and the inlet boundary, lateral boundaries, top boundary, 

and outflow boundary were 5 H, 5 H, 5 H, and 15 H, respectively. The computational 

domain was discretized into approximately 2.8 million hexahedral cells for the low-rise 

medium street canyon (H/W = 1 and L/W = 5). Considering the relatively large gradients 

of the velocity near the ground and building surfaces, the finest grids were deployed 

around these two types of walls. In this chapter, a grid-sensitivity analysis was 

performed based on two additional grids: a coarser grid and a finer grid for the low-rise 

medium street canyon case. For the coarse, basic, and fine grids, the minimum sizes 

were set to be 0.006 m, 0.003 m, and 0.0015 m, respectively. The total cell numbers for 

the coarse, basic, and fine grids are 0.74 million, 2.83 million, and 9.66 million, 

respectively. Therefore, the ratios of the two consecutive cell numbers for the grid 

refinement meet the criterion of 3.4 in the mesh-independent study [97]. Then, the 

results of grid-sensitivity analysis discussed in Section 6.3.5 indicate that the basic grid 

provides nearly grid-independent results, which can be further used for the remainder 

of this chapter.  
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Figure 6.3 (a) Computational geometry and boundary conditions; (b) 3D street canyon 

configuration with for high-rise and low-rise street canyons 

6.3.2 Governing equation and turbulence model 

 The analyses are based on the steady-state 3D RANS conservation equations of 

mass and momentum for the incompressible turbulent flow. The governing equations 

are as follows: 

Continuity equation: 

 0i

i

u
x
∂

=
∂

 (6.2) 

Momentum equation: 
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∂ ∂ ∂
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 (6.3) 

where the stress tensor ijτ  is defined as: 

 2
3

ji
ij t ij

j i

uu k
x x

τ ρ ν ρ δ
  ∂∂

= + −   ∂ ∂   
 (6.4) 

where the term ui denotes the i-axis component of the air velocity; p and ρ represent the 

pressure and density; tν  is the turbulent kinematic viscosity; δij is the Kronecker delta; 

k is the turbulence kinetic energy. 

The species transport equation is solved to probe the pollutant dispersion in an 

urban environment, as follows:  

https://en.wikipedia.org/wiki/Kronecker_delta
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where Sp is the pollutant source term (kg/(m3·s)); D and Dt (= νt/Sct) denote the 

molecular and turbulent diffusion coefficients of the pollutant, respectively. Sct is the 

turbulent Schmidt number, which is set to 0.4 to account for the underestimation of the 

turbulent mass diffusion from the RANS models [99,152]. Y is the mass fraction of the 

pollutants. This dispersion of pollutants is simulated with the User Defined Scalar (UDS) 

option in ANSYS/Fluent®. 

Moreover, the renormalization group (RNG) k-ε model [186] is chosen because of 

its generally good performance in predicting the flow separation by buildings and 

reversed flow [187], which is essential for the analysis of lateral entrainment in this 

chapter. Also, the RNG k-ε model complements the disadvantage of a standard k-ε 

model, which overestimates turbulent kinetic energy near the edges of buildings where 

ambient flow impinges and separates [188]. Thus, the RNG k-ε model is used to solve 

this steady-state isothermal flow field. The conservation equations of the RNG k-ε 

turbulence model for the turbulence kinetic energy (k) and dissipation rate (ε) are as 

follows: 

 j t
k

j j k j

u k k P
x x x

ν ε
σ
 ∂ ∂ ∂
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6.3.3 Boundary conditions 

 The measured inlet velocity profile from the wind tunnel experiments [172], which 

is given in Eq. (6.1), is used to characterize a neutral ABL. The turbulent kinetic energy 
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k and turbulence dissipation rate ε profiles are calculated using Eqs. (6.8) and (6.9) 

[189]: 

 
* 2( )ABLuk
Cµ

=  (6.8) 

 
* 3

0

( )
( )

ABLu
z z

ε
κ

=
+

 (6.9) 

where *
ABLu  is the ABL friction velocity (= 0.52 [m/s]), κ  is the von Karman’s 

constant (= 0.42), z0 is the aerodynamic roughness (= 0.0015 [m]), and Cµ is the model 

constant (= 0.085). 

 Besides, as seen in Figure 6.3(a), the top and lateral boundaries of the domain are 

set as symmetry boundaries, namely setting normal velocity and normal gradients of all 

variables to zero. On the outlet of the domain, a zero diffusive flux is imposed for all 

flow variables in the direction normal to the outflow plane since the domain 

downstream is long enough to ensure a fully developed outlet flow. The standard wall 

functions by Launder and Spalding [190] with and without roughness modification by 

Cebeci and Bradshaw [191] are applied at the ground surface and building surface, 

respectively. To reduce horizontal inhomogeneity, the sand grain roughness height ks 

is calculated by the roughness constant Cs (= 9.9) and the aerodynamic roughness z0 (= 

0.0015 m) in Eq. (6.10)[192]. 

 09.793
s

s

zk
C

=  (6.10) 

 Besides, CO is used as the pollutant representative. As shown in Figure 6.3(a), a 

uniform volume source (width Wp = 0.8 W and length Lp = street length L) of CO is 

specified near the ground with a depth of 0.1 H to represent the traffic lanes. The 

constant emission rate per hour and unit street length (36.1 [g/h/m], i.e., total mass 

release rate of Lp × 1.0 × 10−5 [kg/s]) is adopted for each CO source. 
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6.3.4 Solver settings 

 The commercial software ANSYS/Fluent® CFD software (Release 15.0) [127] is 

used to simulate the airflow of ambient wind over this isolated street canyon. This 

chapter utilizes the pressure-linked equations-consistent (SIMPLEC) numerical method 

for the pressure-velocity coupling. The second-order upwind scheme [103] is used to 

discretize both the convective terms and the diffusion terms. A double-precision solver 

is also selected for the CFD calculations. The convergence criterion of the normalized 

residual errors is set to 10−6 for the governing equations.  

6.3.5 Grid sensitivity analysis 

Three types of meshes are tested for the low-rise medium canyon under the same 

environmental conditions (Uref = 4.7 [m/s]). Figure 6.4 and Figure 6.5(a)-(c) depict a 

comparison of the results for the dimensionless streamwise mean velocity (u/Uref) and 

dimensionless pollutant concentration (K) on the three grids along three vertical lines 

(x= -0.25H, 0, and 0.25H) in the vertical center plane at y/H = 0. Along these lines, the 

fine and the basic grid provide almost identical results, while some deviations are found 

between the coarse and the basic grid. Then, the grid convergence index (GCI) proposed 

by Roache [193] (Eqs. (6.11) and (6.12)) is used to estimate the error of u/Uref and K 

on the basic grid.  
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where Fs is the safety factor taken as 1.25 when three or more grids are compared, r is 

the linear grid refinement (= 2 ), p is the former order of accuracy (= 2), u and K are 

streamwise mean velocity and normalized concentration in one of the two grids (basic 

and fine), and Uref is the reference wind speed of 4.7 m/s. The values of the GCIu 

averaged along each vertical line are 0.04% for x/H = -0.25, 0.06% for x/H = 0, and 

0.08% for x/H = 0.25 (Figure 6.4(d)-(f)). Similarly, the values of the GCIK averaged 
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along each vertical line are 1.80% for x/H = -0.25, 1.85% for x/H = 0, and 4.04% for 

x/H = 0.25 (Figure 6.5(d)-(f)). By analyzing the discrepancy in wind speed and pollutant 

concentration of the three grids as well as comparing GCI values of the fine and basic 

grids, it can be concluded that the basic grid provides nearly grid-independent results, 

which can be further used for the remainder of this chapter. Besides, the near-wall area 

was resolved by the standard wall functions directly on the condition that the y+ of the 

first near-wall mesh for building surfaces and ground was 167.7 on average, which was 

in the log-law layer 30 < y+ < 300 [127,136].  

 
Figure 6.4 (a-c) Comparison of dimensionless streamwise mean velocity (u/Uref) along 

three vertical lines inside the street canyon in the vertical center plane in coarse, basic, 

and fine grids; (d-f) grid-convergence index (GCI) along the same three vertical lines.  
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Figure 6.5 (a-c) Comparison of dimensionless pollutant concentration K along three 

vertical lines inside the street canyon in the vertical center plane in coarse, basic, and 

fine grids; (d-f) grid-convergence index (GCI) along the same three vertical lines. 

6.4 Air quality indices 

6.4.1 Average dimensionless pollutant concentration 

 The lateral entrainment can significantly affect the spanwise distribution of 

pollutant concentrations along the street length. Therefore, the pedestrian-level and 

cross-section average dimensionless pollutant concentrations are introduced to better 

evaluate the effects of the lateral entrainment.  

 The average dimensionless pollutant concentration at the pedestrian level (z = 1.5 

m at full scale) along the street width is calculated by Eq. (6.13),  

 0

W

ped

Kdx
K

W
= ∫  (6.13) 
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 The cross-section average dimensionless pollutant concentration along the street 

length is calculated in Eq. (6.14), 

 0 0

W H

cross

Kdxdz
K

W H
=

×
∫ ∫ . (6.14) 

6.4.2 Personal intake fraction (P_ IF) 

This chapter utilizes the personal intake fraction (P_ IF) as the air quality index, 

which stands for a fraction of the total traffic exhaust inhaled by each person on average, 

which is first introduced by Hang et al. [194] into CFD simulations to quantify the 

average personal exposure.  

 It is defined and calculated as follows: 
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where N is the number of population groups (children, adults, elders, N = 3, i = 1 to 3), 

M is the number of different microenvironments (indoors at home, other indoor 

locations, near-vehicle locations, and other outdoor locations away from vehicles, M= 

4, j= 1 to 4). Moreover, we assume the following: the near-road buildings are residential, 

and only a microenvironment of j= 1 (indoor at home) is considered to assess the 

personal intake fraction for the local residents. Bri,j and Δti,j are the average volumetric 

breathing rate [m3/s] [194] (Table A6.1) and time spent (s) for individuals in the ith 

population group in the jth microenvironment [7] (Figure A6.1(a)), respectively. Pi is 

the total number of people exposed in the ith population group, which can be further 

calculated by the demographic structure (herein, taking Shenzhen, China, as an example 

for this study [7], Figure A6.1(b)). Cej is the pollutant concentration in the jth 

microenvironment [kg/m3], which could be calculated from the average concentration 

at each floor (3 m). In this instance, m is the total pollutant emissions (kg).  
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6.5 Validation study 

 Before validation study and case study, a simulation is conducted with an empty 

computational domain to check the achievement of the horizontal homogeneity of ABL, 

since it is a prerequisite to a reliable prediction of pollutant dispersion within street 

canyons [195]. First, the inlet boundary conditions of the CFD simulation based on the 

experimental data fit the inflow wind profile of the wind tunnel. Figure. A6.2 then 

shows a check of horizontal homogeneity for the present CFD simulation, which 

compares the dimensionless streamwise velocity and dimensionless turbulence kinetic 

energy of the inlet profile and incident profile (at the building position). The 

comparison indicates that the development of horizontal inhomogeneity is insignificant.  

 Besides, a solid model that included the street canyon (H/W = 1 and L/W = 10) is 

created by replicating the details of the geometrical shape from the wind tunnel 

experimental set-up of the tree-free case [172,173]. The computational domain is in line 

with the CFD set-up for the case study and pollutant sources are consistent with the 

wind tunnel setting. Moreover, the computational grid resolution results from a grid-

sensitivity analysis, which yields a fully structured hexahedral grid with 4.68 million 

cells. Then, a cross-comparison of the dimensionless vertical velocity at the y/L = 0 and 

the dimensionless pollutant concentration at the walls of the street canyon between the 

numerical and experimental results is presented in Figure 6.6(a) and (b). The 

concentration value is calculated in the non-dimensional form as + refC CU H Q l= , 

where C is the measured concentration (g/m3), and Q/l is the tracer gas source strength 

per unit length (g/m/s). Generally, the experimental and numerical distributions of the 

dimensionless vertical wind speed are consistent (Figure 6.6 (a)). Only on the windward 

side, the RNG k-ε turbulence model predicts slightly higher flow velocities. Then, two 

Scts (Sct = 0.4 and 0.7) are tested. As seen in Figure 6.6 (b), the predicted dimensionless 

concentrations are similar to those obtained in the wind tunnel for both Sct. Nevertheless, 

the numerical results agree better with the wind tunnel data when Sct = 0.4. The RNG 

k-ε model with Sct = 0.4 is consequently adopted for our CFD simulations. 
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Figure 6.6 Comparison results of (a) dimensionless vertical velocity at y/L = 0, and (b) 

dimensionless pollutant concentration at the walls of the street canyon.  

6.6 Results and discussion 

6.6.1 Effects of the lateral entrainment 

6.6.1.1 Low-rise street canyon (H/W= 1) 

 The effects of the lateral entrainment on the low-rise street canyons (H/W= 1) are 

explored in this section. Figure 6.7 and Figure 6.8 show the predicted dimensionless 

pollutant concentration K and dimensionless wind velocity (U/Uref) contours for 

different street configurations at the pedestrian level and cross-section, respectively. To 



 134 

quantitatively estimate the effects, Figure 6.9 compares the average pollutant 

concentrations at the pedestrian level and at various cross-sections.  

In a low-rise infinite-long street canyon (H/W= 1 and L/W= ∞), the flow structure 

within the canyon is affected only by the top entrainment at the roof level. Thus, as seen 

in Figure 6.8(a), the whole street canyon is occupied by the y-axis vortex. Evidently, 

this y-axis vortex in any cross-section of the infinite-long canyon would be identical, 

namely, a clockwise canyon vortex. Moreover, as evidenced in Figure 6.7(a) and Figure 

6.8(a), there is relatively strong ventilation within this low-rise infinite-long street 

canyon since the top entrainment can readily penetrate into the ground level, thus 

leading to a lower dimensionless pollutant concentration at the pedestrian level (K< 

66.5). In effect, in addition to the influence of the top entrainment, the airflow within 

the finite-long street canyon is also significantly affected by the lateral entrainment, 

which will be discussed later. 

In a low-rise short street canyon (H/W= 1 and L/W= 1) in Figure 6.8(b), the flow 

structure (3D streamlines) is still mostly dominated by the y-axis vortex caused by the 

top entrainment, which is similar to the infinite-long street canyon in Figure 6.8(a). In 

contrast, the pedestrian level is occupied by the outward airflows (the along-street 

channeling flows toward the street ends) (Figure 6.7(b)). The possible reason is that the 

lateral entrainment causes a pair of corner vortices at the pedestrian level of the street 

ends. Following these corner vortices, the wind flows outward along the leeward side 

of the upwind building. As a result of this marked outward airflow, the maximum 

pedestrian level concentration is notably reduced by almost 65% (Figure 6.7(b)), and 

the average pedestrian level concentration decreases by 65-73% along the street length, 

as well (Fig. 10(a)), compared with the infinite-long street canyon. At the same time, 

as seen in Figure 6.8(b), the wind velocity is enhanced at all of the cross-sections. The 

upward transportation of the pollutants is also improved, which leads to a significant 

reduction in the concentration at all of the cross-sections. Figure 6.9(b) further confirms 

that the average cross-section concentration remarkably decreases by almost 73-77% 

along the street length due to the lateral entrainment.  
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In a low-rise medium street canyon (H/W= 1 and L/W= 5), there exist two evident 

corner vortices at the street ends (Figure 6.7(c)), although the 3D streamlines are still 

dominated by the y-axis vortex (Figure 6.8(c)). On the other hand, except for the region 

covered by the corner vortices, as shown in Figure 6.7(c), the whole pedestrian level is 

mainly occupied by the inward flows (along-street channeling flows toward the 

symmetry plane). In effect, these inward channeling flows can be attributed to the 

superposition of the canyon vortex (caused by the top entrainment) and the corner 

vortex (caused by the lateral entrainment). These inward channeling flows enhance the 

pedestrian level dimensionless wind velocity (up to nearly 0.1) and then transport the 

pollutants toward the symmetry plane (Figure 6.7(c)). Consequently, as seen in Figure 

6.9(a), in almost 65% of the region of the street canyon, the concentrations significantly 

decrease, especially at the street ends (by up to 70%). However, the concentrations 

increase in the remaining 35% region of the street canyon near the symmetry plane (by 

up to 86%). This trend occurs because the accumulating pollutants in the canyon-center 

region caused by the inward channeling flow could not be dispersed upward effectively 

along with the canyon vortex, which is further confirmed in Figure 6.8(c). Clearly, the 

wind velocity in the most inner section of this medium street canyon is lower than that 

in the infinite-long case, thus leading to a significant increase in the pollutant 

concentration, especially near the ground. Therefore, Figure 6.9(b) reports that the 

cross-section average concentration declines by up to 78% from y/L= 0.17 to 0.5, while 

it increases by up to nearly 117% from y/L= 0 to 0.17. 

In a low-rise long street canyon (H/W= 1 and L/W= 10), similar to the medium 

street canyon, the corner vortices and the inward channeling flow are clearly observed 

in Figure 6.7(d). In contrast, the inward channeling flow only penetrates approximately 

2.5 times the street width from the street ends (Figure 6.7(d)). Furthermore, in the inner 

region of the canyon (from y/L= 0.3 to 0), the airflow is almost dominated by the y-axis 

vortex (canyon vortex), which is similar to the infinite-long street canyon (from the 

windward side of the downwind building to the leeward side of the upwind building). 

Accordingly, the pedestrian level dimensionless velocity is significantly enhanced by 

up to 0.17 from only y/L= 0.5 to 0.25, but it decreases by approximately 0.1 in the inner 
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region of the canyons (Figure 6.7(d)), compared with the infinite-long street canyon. 

As a result, the average pedestrian level concentrations decrease by up to almost 78% 

in the outer region of the canyon, but it significantly increases in the inner region of the 

canyon, especially from y/L= 0.28 to 0 (even by almost 50%) (Figure 6.9(a)). On the 

other hand, as seen in Figure 6.8(d), a lower wind velocity is found in the inner three 

sections, which further deters the upward dispersion of the pollutants. Obviously, as 

shown in Figure 6.8(d) and Figure 6.9(b), the cross-section average concentration 

increases by up to 34%, from y/L= 0.27 to 0.  

Overall, it is concluded that in the low-rise street canyon (H/W= 1), the lateral 

entrainment can partially improve the air quality, depending on the street length. This 

finding occurs because the positive effects of lateral entrainment on the pollutant 

concentration inside the street canyon are confined in a range of approximately 2.5 

times the street width from the street ends (Figure 6.7(d)). Therefore, lateral 

entrainment is of great importance in reducing the pollutant concentration of the short 

and medium street canyon. However, the air quality of the low-rise long canyon could 

only be improved in the outer half of the street length by the lateral entrainment.  
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Figure 6.7 Predicted pedestrian level pollutant concentration contours, and pedestrian 

level wind velocity contours for the low-rise street canyons (H/W= 1) with various street 

lengths: (a) L/W= ∞, infinite-long street canyon, (b) L/W= 1, short street canyon, (c) 

L/W= 5, medium street canyon, and (d) L/W= 10, long street canyon. 
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Figure 6.8 Predicted 3D streamlines, x-z cross-section pollutant concentration and wind 

velocity contours for the low-rise street canyons (H/W= 1) with various street lengths: 
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(a) L/W= ∞, infinite-long street canyon, (b) L/W= 1, short street canyon, (c) L/W= 5, 

medium street canyon, and (d) L/W= 10, long street canyon. 

 
Figure 6.9 Average pollutant concentration along half of the street length for the low-

rise street canyon (H/W= 1) with various street lengths: (a) average pedestrian level 

pollutant concentration and (b) average cross-section pollutant concentration 

6.6.1.2 High-rise street canyon (H/W= 3) 

To discuss the influence of the lateral entrainment on high-rise street canyons, the 

numerical results on the dimensionless wind velocity and pollutant concentration are 

presented at the pedestrian level in Figure 6.10 and for various x-z cross-sections in 

Figure 6.11; at the same time, the average pollutant concentrations for different street 

lengths are compared in Figure 6.12.    



 140 

Within a high-rise infinite-long street canyon (H/W= 3 and L/W= ∞), as seen in 

Figure 6.11(a), the top entrainment from the roof level induces two vertically aligned 

vortices (y-axis vortex). Consequently, Figure 6.11(a) showed that it is pretty difficult 

for the top entrainment to penetrate downward into the pedestrian level where the traffic 

emission sources are located. The airflow within the lower two y-axis canyon vortices 

is too slow (dimensionless wind velocity< 0.02) to generate any upward pollutant 

dispersion (Figure 6.11(a)). In other words, the upward advective transport of the 

airflow has little contribution to the dispersion process of the pollutants (transporting 

the pollutant from the lower recirculation to the upper recirculation and eventually 

toward the roof level). Accordingly, it is evident that there exists a substantial pollutant 

accumulation in the lower part of the high-rise canyon (Figure 6.10(a) and Figure 

6.11(a)). The highest pollutant concentration in the lower space was almost one order 

higher than that at the roof level. Interestingly, these results are inconsistent with the 

field measurements by Zhang et al. [196] in a similar deep street canyon (H/W ≈ 2.7 

and L/W ≈ 10). As reported by Zhang et al. [196], the highest low-level concentration 

is only two times higher than the roof-level concentration. Thus, it could be deduced 

that the airflow is possibly sensitive to the lateral entrainment within a finite-long high-

rise street canyon, which might extensively promote the pollutant dispersion in the 

lower space. 

In the high-rise short street canyon (H/W= 3 and L/W= 1) in Figure 6.11(b), the top 

entrainment produces two separated y-axis vortices compared with the infinite-long 

counterpart. Interestingly, at the pedestrian level, there are noticeable divergent and 

outward airflows caused by lateral entrainment (Figure 6.10(b)). Although the 

pedestrian level wind speed is still relatively low, the pollutants could be effectively 

transported outward along with these divergent flows. In consequence, as seen in Figure 

6.12(a), the average pedestrian level concentration is reduced by almost up to 98% 

along the street length, compared with the infinite-long counterpart. In other words, the 

lateral entrainment could affect the pollutant dispersion of the whole street canyon. 

Furthermore, the wind velocity and flow patterns of the various x-z cross-sections show 

that the canyon is almost occupied by the strong downward airflows (Figure 6.11(b)). 
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At the same time, the dimensionless wind velocity at the cross-section is enhanced by 

up to 0.5 (Figure 6.11(b)). Accordingly, the pollutants only slightly accumulate near 

the ground level (Figure 6.11(b)). Figure 6.12(b) reports that the average concentration 

of the x-z section decreases by up to 99% along the street length.  

In a high-rise medium street canyon (H/W= 3 and L/W= 5), similar to the short 

canyon, the top entrainment still causes a y-axis vortex near the roof level (Figure 

6.11(c)). In contrast, the lateral entrainment produces two symmetric spanwise 

recirculation in the lower space. As evidenced in Figure 6.10(c), the outer regions (0.35 

< y/L < 0.5) are dominated by the outward airflows at the pedestrian level. Instead, in 

the inner regions (0 < y/L < 0.35), there exist the inward channeling airflows. Therefore, 

a higher pollutant concentration is found near the symmetry plane. Compared with the 

infinite-long case (Figure 6.10(a)), the medium street still has a markedly smaller 

magnitude of the concentration with the same level of wind velocity (Figure 6.10(c)). 

As also shown in Figure 6.12(a), the average pedestrian level concentration is reduced 

by 81 - 98%. A possible explanation lies in the stronger advective transport of pollutants 

provided by the x-axis recirculation, which could be substantiated in the flow patterns 

and wind velocity contours of various x-z cross-sections (Figure 6.11(c)). In the inner 

two sections, there is an upward airflow with a higher wind velocity; thus, the pollutants 

within the street center region could be more substantially transported out across the 

roof level. Compared to the results of the infinite-long case, the pollutant concentrations 

decrease remarkably due to the lateral entrainment for all of the x-z cross-sections 

(Figure 6.11(c)), and the average concentration along the street length is reduced by 75 

- 98% (Figure 6.12(b)). 

As shown in Figure 6.11(d), in a high-rise long street canyon (H/W= 3 and L/W= 

10), the flow patterns are slightly different from those in the short and medium street 

canyons. Nevertheless, the y-axis and x-axis vortex dominate the pollutant transport in 

the upper and lower spaces, respectively. Furthermore, the x-axis vortex is elongated. 

This x-axis vortex causes clear inward channeling flows at the pedestrian level, 

transporting most of the pollutants toward the symmetry plane and leading to a more 

significant pollutant accumulation in the street center region, compared with the shorter 
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canyons (short and medium street canyons). As shown in Figure 6.12(a), although the 

maximum pedestrian level concentration of the long street canyon is up to 10 times 

higher than its shorter counterparts, this maximum value is still much lower than the 

infinite-long street result. On the other hand, as seen in Figure 6.11(d), although the 

wind velocity in the lower part of most inner section begins to be stagnant, the x-axis 

vortex could still reinforce the upward advective transportation of the pollutants. 

Therefore, the maximum average cross-section concentration is almost three times 

lower than the infinite-long counterpart (Figure 6.12(b)). Besides, this high-rise long 

street canyon (H/W= 3 and L/W= 10) shares a similar configuration with the study of 

Zhang et al. [196]. The measurement position by Zhang et al. [196] is nearly 0.3L away 

from the street ends. The low-level concentration is two times higher than the roof-level 

concentration. In the present simulation (Figure 6.11(c)), the low-level concentration 

of the second section (y/L= 1/4) from the street ends is nearly 3-4 times higher than the 

roof-level concentration. The difference between this CFD simulation and field 

measurement is reasonable, and they are in the same order. Notably, the realistic traffic-

induced turbulence [197], solar radiation [130], and building separation [71] (were not 

considered in this chapter) can also improve the pollutant dispersion, especially for the 

low-space of street canyon.  

In general, in the high-rise street canyons, the lateral entrainment can reduce the 

pollutant concentration more significantly, compared with the low-rise street canyons. 

The reason is that the lateral entrainment can entirely affect the x-axis vortex/ 

recirculation in the lower part of the canyon; hence, it can increase the vertical advective 

transportation of the pollutants in the canyon’s center region. With an increase in the 

street length, the flow patterns remain unchanged, with the dominated y-axis vortex in 

the most upper space and x-axis vortex/recirculation in the lower space, respectively, 

but the influence of lateral entrainment on the pollutant concentration becomes weaker. 

Despite this effect, the concentrations for the short, medium, and long canyons are still 

far lower than that of the infinite canyon. In consequence, these phenomena 

demonstrate that the lateral entrainment significantly contributes to the pollutant 

dispersion for these high-rise street canyons. Moreover, compared with the low-rise 
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canyon, the high-rise canyon has a significantly higher concentration, especially for the 

longer street length. Taking the infinite-long canyon as examples, the pedestrian level 

average pollutant concentration of high-rise canyon (=769.3) is about 20 times that of 

the low-rise canyon (=36.7), which is in line with the study of Assimakopoulos et al. 

[176]. Accordingly, it indicates that weaker top entrainment in a high-rise canyon 

greatly limits the dilution of pollutants. 

 

Figure 6.10 Predicted 3D streamlines, pedestrian level pollutant concentration contours, 

and pedestrian level wind velocity contours for the high-rise street canyons (H/W= 3) 

with various street lengths: (a) L/W= ∞, infinite-long street canyon, (b) L/W= 1, short 

street canyon, (c) L/W= 5, medium street canyon, and (d) L/W= 10, long street canyon.  
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Figure 6.11 Predicted pollutant concentration and wind velocity contours at different x-

z cross-sections for the high-rise street canyons (H/W= 3) with various street lengths: 

(a) L/W= ∞, infinite-long street canyon, (b) L/W= 1, short street canyon, (c) L/W= 5, 

medium street canyon, and (d) L/W= 10, long street canyon. 

 

Figure 6.12 Average pollutant concentration along half of the street length for the high-

rise street canyon (H/W= 3) with various street lengths: (a) average pedestrian level 

pollutant concentration and (b) average cross-section pollutant concentration 

6.6.2 Optimal urban design strategies for lateral entrainment 

 As discussed in the last section, lateral entrainment can effectively improve the 

dilution potential of the pollutants inside the street canyon, especially for the deep 

canyons. In the low-rise medium street canyon (H/W= 1 and L/W= 5), the lateral 
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entrainment causes the corner vortex at the street ends, and then, it contributes to the 

dilution of the pollutants near the ground level. In the high-rise street canyon (H/W= 3 

and L/W= 5), the lateral entrainment has a more profound impact on the flow structure 

compared with the low-rise canyon, thus creating the x-axis recirculation in the lower 

space of the canyons. As discussed above, this x-axis recirculation can effectively 

improve the advective transport of pollutants in the lower space. In summary, it might 

be useful to further improve the dilution potential of the pollutants by enhancing the 

intensity of the corner vortex in the low-rise street canyon or the x-axis recirculation in 

the high-rise street canyon. Therefore, three attempts have been made to enhance the 

influence of the lateral entrainments, i.e., the corner-trim of the downwind building, the 

short upwind building, and the lower height at the ends of the upwind building. In this 

section, the low-rise (H/W= 1) and high-rise (H/W= 3) canyons with the medium-long 

street (L/W=5) are considered to be the base cases to enhance the improvement on the 

pollutant concentration reduction. Also, the influence of dimensions of the corner-trim 

of downwind building Dtrim, intended length of upwind building Lintended, and reduced 

height of upwind building Hreduced has been examined in Fig. A6.2 to A6.4. It is 

suggested that even the relatively minor optimal design can effectively improve the 

ventilation and the potential of pollutant dilution inside street canyons. As length limits, 

only the cases of Dtrim = 0.5 W, Lintended = 0.5 W, and Hreduced = 0.5 H are discussed in 

detail. 

6.6.2.1 Design I: Corner-trim of the downwind building 

 The first attempt is to trim the corner of the downwind building, thus creating a 

“venturi effect” at the street ends. The dimensions of the trimmed corner are shown in 

Figure 6.13(a). A comparison of the results of the corner-trim and base cases in the low-

rise street canyon is also presented. Notably, the maximum pedestrian level 

dimensionless wind velocity increases by approximately 0.2, although the flow 

structure changes only slightly. Hence, as illustrated in Figure 6.13(a), the concentration 

decreased in most of the canyons. This corner-trim design also significantly reduces the 

highest concentration of the base case in the canyon center region by up to almost 36% 
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(Figure 6.14(a)). On the other hand, in the vertical direction, this design also causes a 

significant reduction in the leeward side (leeward side P_IF reduced by almost 11%, 

Figure 6.14(b)) since this design significantly enhances the vertical ventilation on this 

side. Also, it slightly leads to a slightly lower windward P_IF by about 30- 100. 

As seen in Figure 6.13(b), the corner-trim design has more significant implications 

for the reduction of the concentration in the high-rise case (H/W= 3). The “venturi effect” 

at the street ends causes a strong inward channeling flow toward the symmetry plane. 

Further, the intensity of the x-axis recirculation is also enhanced. The pedestrian level 

dimensionless wind velocity increases substantially by 0.5. Thus, the pedestrian level 

concentrations decrease in most of the canyons as a result (Figure 6.13(b)). At the same 

time, as shown in Figure 6.13(b), the base case has a higher concentration at both the 

street ends and symmetry plane. This corner-trim design can effectively reduce the 

pollutant concentration in these two regions (by up to almost 63%) (Figure 6.13(b) and 

Figure 6.14(a)). Additionally, as shown in Figure 6.14(c), the lower-story residents 

(level 2 to level 6) suffer high P_IF in the base case. The corner-trim design relieves 

this situation and effectively reduces leeward P_IF by up to 78% for the lower-story 

residents, although it slightly increases windward P_IF by 80-150.  
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Figure 6.13 Cross-comparison of the pollutant concentration at the pedestrian level 

between the base case and the corner-cut design case: (a) low-rise street canyon and (b) 

high-rise street canyon 

 
(a)Average cross-section pollutant concentration along the street length 

 

      (b) P_IF, low-rise street canyon      (c) P_IF, high-rise street canyon 

Figure 6.14 Cross-comparison of the pollutant concentration and personal intake 

fraction P_IF along the street length between the base case and corner-trim design case: 

(a) Average cross-section pollutant concentration along the street length, (b) P_IF, low-

rise street canyon, and (c) P_IF, high-rise street canyon 

6.6.2.2 Design II: Short upwind building 

 To enhance the influence of the lateral entrainment, the second attempt is to shorten 

the length of the upwind building by 1/2 W. Upon shortening the upwind building of 

the low-rise street canyon, as seen in the 3D streamlines of Figure 6.15(a), the lateral 
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incoming wind flows over the side of the upwind building, and it hits the windward 

surface of the downwind building. Then, the incoming wind flows toward the symmetry 

plane, hence leading to a considerable increase in the dimensionless wind velocity at 

the pedestrian level (up to 0.3). Correspondingly, the pedestrian level concentrations 

are reduced significantly, especially in the canyon center region. In addition, as 

evidently shown in Figure 6.16(a), there is a large decrease in the cross-section pollutant 

concentration from y/L= 0.35 to 0 (by up to 45%). In addition, this design substantially 

reduces both leeward and windward P_IF from level 1 to level 6 (up to 49%) (Figure 

6.16 (b)). 

 For the high-rise street canyon (H/W=3) with the short upwind building, as Figure 

6.15(b) shows, the lateral incoming wind also hits the ends of the windward surface of 

the downwind building, and then, it enhances the flow intensity of the x-axis 

recirculation. Therefore, there exists a strong upward airflow at the symmetry plane and 

a strong outward airflow at the pedestrian level (Figure 6.15(b)). The pedestrian level 

dimensionless wind velocity is remarkably improved (by up to 0.2). As a result, the 

accumulated pollutants in the canyon center region can easily escape from the street 

canyon across the street lateral boundaries. As shown in Figure 6.16(a), the 

concentrations reduce in almost all of the street’s length, especially in the canyon center 

region (by up to 76%). Additionally, by enhancing the intensity of the x-axis 

recirculation, this design appreciably reduces the windward P_IF by up to 44- 69% and 

the leeward P_IF by 71- 81%, especially for the lower-story residents, who are always 

suffering the worst air quality.  
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Figure 6.15 Cross-comparison of the pollutant concentration at the pedestrian level 

between the base case and design II case: (a) low-rise street canyon and (b) high-rise 

street canyon 

 
(a) Average cross-section pollutant concentration along the street length 

 

   (b) P_IF, low-rise street canyon      (c) P_IF, high-rise street canyon  

Figure 6.16 Cross-comparison of the pollutant concentration and personal intake 

fraction P_IF along the street length between the base case and design II case: (a) 

Average cross-section pollutant concentration along the street length, (b) P_IF, low-

rise street canyon, and (c) P_IF, high-rise street canyon. 

6.6.2.3 Design III: Lower height at the ends of the upwind building 

 As discussed in Section 6.6.2.2, design II successfully introduces the lateral 

incoming flow into the street canyon from the street ends, hence increasing the flow 

strength of the x-axis recirculation and reducing the pollutant concentration. However, 
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design II will be at the cost of a lower building coverage ratio. Thus, the third attempt 

is to explore whether only lowering the building height at the ends of the upwind 

building can also improve the ventilation in the same way (Figure 6.17(a) and (b)). 

 For the low-rise street canyon with design III (the indented length = 1/2 W and the 

reduced height = 0.5 H), as seen in the 3D streamlines of Figure 6.17(a), the pedestrian 

level wind velocity is markedly improved by introducing fresh air from the upper part 

of the lateral street boundaries, the same as in design II. Therefore, the cross-section 

pollutant concentrations also reduce substantially from y/L= 0.4 to 0 (by up to 34%) 

(Figure 6.18(a)). Clearly, for the low-rise canyons, the reduction in the pedestrian level 

concentrations due to design III is only slightly lower than in the design II counterpart. 

In terms of P_IF (Figure 6.16(b)), this design also reduces leeward P_IF from level 1 

to level 6 (up to 39%), but the windward P_IF has little change.  

 For the high-rise street canyon with design III (the indented length = 1/2 W and the 

reduced height = 1/3 H), similar to design II, the wind velocity is also improved (Figure 

6.17(b)), although the increment in the wind velocity is less than that of design II 

(Figure 6.15(b)). Therefore, as shown in Figure 6.18(a), there is a considerable decrease 

in the pedestrian level concentration along the street length, especially in the canyon 

center region (by up to 71%). Furthermore, the P_IF noticeably declines at both the 

leeward side (by 55-73%) and the windward side (by up to 56-73%).  
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Figure 6.17 Cross-comparison of the pollutant concentration at the pedestrian level 

between the base case and design III case: (a) low-rise street canyon and (b) high-rise 

street canyon 

 
(a) Average cross-section pollutant concentration along the street length 

 

 (b) P_IF, low-rise street canyon      (c) P_IF, high-rise street canyon  

Figure 6.18 Cross-comparison of the pollutant concentration and personal intake 

fraction P_IF along the street length between the base case and design III case: (a) 

Average cross-section pollutant concentration along the street length, (b) P_IF, low-

rise street canyon, and (c) P_IF, high-rise street canyon 

6.7 Summary  

 This chapter has presented numerical simulations to investigate the influence of the 

lateral entrainment on the pollutant concentration within the street canyons based on 

eight 3D street canyons with different aspect ratios of building height and length to 
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street width (H/W and L/W) under the perpendicular wind. The simulations were based 

on grid-sensitivity analysis and validation of the CFD results from the literature. Based 

on the CFD results, the importance of the lateral entrainment was confirmed. Further, 

three designs were proposed to improve air quality by enhancing the influence of lateral 

entrainment. The major results are summarized as follows: 

 (1) In a low-rise street canyon, the flow structure is mainly dominated by the top 

entrainment. The lateral entrainment slightly alters the flow, except for the appearance 

of the corner vortex and the inward channeling flow near the ground level. Thus, the 

positive effect of the lateral entrainment on the pollutant concentration is limited 

(approximately 2.5 times the street width from the street end). For example, the lateral 

entrainment can significantly reduce both the cross-section and pedestrian level 

pollutant concentrations of the short and medium canyon by up to 78%. However, for 

the long canyon, these two concentrations decline only for the outer half of the street in 

the length direction due to the lateral entrainment.  

 (2) In a high-rise street canyon, the top entrainment causes only one canyon vortex 

(the axis is parallel to the street length) in the upper space. In contrast, the lateral 

entrainment dominates the lower space by the two symmetric vortices/recirculation 

with an axis perpendicular to the street length. Thus, the pollutant concentrations 

markedly decrease by up to almost 99% for the short, medium, and long street canyons, 

due to the lateral entrainment, compared with the case of only considering the top 

entrainment.  

 (3) All of the three optimal designs are considerably useful in reducing the pollutant 

concentration by enhancing the lateral entrainment, especially for the high-rise street 

canyons. First, the corner-trim of the downwind building creates a “venturi effect” at 

the street ends, thus significantly reducing the cross-section concentration in most 

regions of the street canyon (by up to almost 36% and 63% for the low-rise and high-

rise canyons) and the personal intake fraction P_IF (by up to almost 11% and 78% for 

the low-rise and high-rise canyons). Second, the short upwind building notably 

introduces the incoming wind impinging at the ends of the downwind building; thus, 

the cross-section concentrations greatly decrease in both the low-rise canyons (by up to 
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45%) and the high-rise canyons (by up to 76%). In addition, it reduces the P_IF of the 

low-rise canyons by up to 49%, and the P_IF of the high-rise canyons by up to 81%. 

Third, the lower height at the ends of the upwind building also introduces fresh air in 

the same way as in the setup of the short upwind building, alleviating the cost of a lower 

building coverage ratio (design III is less expensive than design II). The reduction in 

the concentrations caused by this design is just slightly lower than the setup of a short 

upwind building.  

By discussing those results, two suggestions can be proposed for sustainable street 

design to reduce pollutant concentration inside street canyons. First, the importance of 

lateral entrainment should not be neglected, especially for the high-rise street canyon. 

Therefore, less blockage should be achieved at the street ends. In other words, at the 

street ends, large-size advertisement boards [198] should not be installed or trees with 

large-size canopy and high leaf area density [89,132] should not be planted. Second, to 

utilize the lateral entrainment to improve the ventilation within street canyons, it might 

be feasible to create a corner trim of downwind buildings at the street ends. Also, the 

upwind buildings of the street canyon should be shorter than the downwind buildings. 
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Chapter 7 Conclusions and recommendations for future 

work 

7.1 Summary of main contributions 

 This thesis investigates optimal urban design for outdoor thermal comfort and air 

quality by CFD simulation. The main contributions are summarized as follows: 

 (1) The results of the investigation on frontal area density λF reveal that with an 

increase in λF, similar trends of the wind velocity, air temperature, PET, and CO 

concentration are observed at 0800 LST and 1600 LST, all of which differ from those 

at 1200 LST. With the increase in λF, the PET on the four sidewalks decreases gradually, 

but the values are still higher than the warm level at 1200 LST. A steady reduction in 

the PET occurs on the east, west, and north sidewalks, but the PET on the south 

sidewalk increases until λF = 0.25 and then decreases. The PET could achieve a warm 

level when λF exceeds 0.75 at 0800 LST or 1600 LST. With the increase in λF, a 

decrease in the CO concentration occurs on the south and north sidewalks, but the CO 

concentrations on the east and west sidewalks increase significantly and change slightly, 

respectively, at 1200 LST; the maximum concentration is lower than 30000 μg/m3 at 

1200 LST. At 0800 LST or 1600 LST, the concentration first increases and then 

decreases on the south sidewalk; the maximum concentration is approximately 8000 

μg/m3. The concentration on the east or the west sidewalk increases gradually and can 

exceed 30000 μg/m3 when λF > 0.25. 

 (2) The results of the study on height-asymmetric street canyon configurations 

indicate that for the step-up canyon, a higher upwind building is found to produce a 

hotter air temperature only at a low wind speed and pollutes more severely at both high 

and low wind speeds, compared with its lower upwind building counterpart. In contrast, 

for the step-down canyon, a higher downwind building is found to produce cooler air 

temperatures at both high and low wind speeds and accumulates more pollutants only 

at a low wind speed, compared with its lower downwind building counterpart. On the 

other hand, at the high wind speed, both air quality and thermal environment are better 
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in the step-up canyon than in the step-down canyon. However, at the low wind speed, 

the air quality is higher in the step-down canyon than the step-up canyon, while the 

step-up canyon still provides a better thermal environment than the step-down canyon. 

Moreover, a Richardson number (Ri) for the asymmetric street canyons is defined for 

the evaluation of the buoyancy force versus the inertial force. When |Ri| > 20, the flow 

field is mainly dominated by natural convection, and an increase of |Ri| results in an 

increase in the air temperature and a decrease in the pollutant concentration. In contrast, 

when |Ri| < 20, the flow field is dominated by forced convection, and the variation of 

|Ri| has an insignificant influence on air quality and air temperature.  

 (3) The results of the investigation on the building setback demonstrate that the 

horizontal building setbacks are advocated within the low-rise street canyon, which 

simultaneously improves the thermal comfort and air quality. By manipulating its 

dimensionless vertical cross-section area SHS (increasing SHS = HHS/W×DHS/W) and its 

dimensionless aspect ratio HHS/DHS (lowering HHS/DHS), the average PET can decline 

by up to 2.1 ℃ and the average pollutant concentration can reduce by up to 66% at the 

two-side pedestrian level. The vertical building setbacks are more suitable for creating 

a better outdoor environment for the high-rise street canyon. The dimensionless 

horizontal cross-section area SVS (= LVS/L×DVS/W) should be as large as possible so that 

the average PET can decrease by up to 0.7 ℃ and the average pollutant concentration 

can reduce by up to 35% at the two-side pedestrian level. 

 (4) The results of the investigations on the tree plantings suggest that increasing 

LAD (from 0.5 to 2) results in a significant reduction of air temperature (up to 1.5 ℃), 

while it increases concentrations by up to 370%. The trees with LAD ≤ 0.5 are 

advocated since they hardly worsen the air quality but still induce a 0.5–1 ℃ reduction 

in air temperature. Increased Htrunk/H causes a lower concentration but a weaker cooling 

effect. Once Htrunk/H > 0.375, trees hardly increase concentrations compared to tree-

free cases. The trees with Htrunk/H ≥ 0.375 are suggested which still declines air 

temperature by up to 1.5℃. Increasing Wspacing/Wcanopy causes less pollutant 

accumulation but a poorer cooling effect. When Wspacing/Wcanopy ≥ 2, trees almost do not 
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worsen the air quality. The trees with Wspacing/Wcanopy ≥ 2 are recommended which still 

causes a 1 ℃ decrease in air temperature. 

 (5) The results of the investigation on lateral entrainment indicate that in a low-rise 

street canyon, the flow structure is mainly dominated by the top entrainment. The lateral 

entrainment slightly alters the flow, except for the appearance of the corner vortex and 

the inward channeling flow near the ground level. Thus, the positive effect of the lateral 

entrainment on the pollutant concentration is limited (approximately 2.5 times the street 

width from the street end). In a high-rise street canyon, the top entrainment causes only 

one canyon vortex (the axis was parallel to the street length) in the upper space. In 

contrast, the lateral entrainment dominates the lower space by the two symmetric 

vortices/recirculation with an axis perpendicular to the street length. All of the three 

optimal designs are considerably useful in reducing the pollutant concentration by 

enhancing the lateral entrainment, especially for the high-rise street canyons. First, the 

corner-trim of the downwind building creates a “venturi effect” at the street ends, thus 

significantly reducing the cross-section concentration in most regions of the street 

canyon and the personal intake fraction P_IF. Second, the short upwind building 

notably introduces the incoming wind impinging at the ends of the downwind building; 

thus, the cross-section concentration greatly decreases in both the low-rise canyons and 

the high-rise canyons. Third, the lower height at the ends of the upwind building also 

introduces fresh air in the same way as in the setup of the short upwind building, 

alleviating the cost of a lower building coverage ratio. The reduction in the 

concentrations caused by this design is just slightly lower than the setup of a short 

upwind building.  

7.2 Suggestions for future work 

 The recommended future works are given based on the limitation or incomplete 

aspects of the study in this thesis.  

 1) Some details for the calculations of the thermal environment have been 

simplified. The calculations are conducted only for steady-state weather conditions at 

specified LSTs to estimate the thermal comfort and air quality of the whole day. Thus, 
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the temporal fluctuations in the wind velocity, direction, and diurnal temperature 

amplitude are not considered. Additionally, the heat storage effects of the building walls 

have been disregarded. The unsteady simulation can be included in future investigations 

to increase the prediction accuracy for practical urban environments and to achieve 

more comprehensive conclusions. 

 2) As many previous studies focused on the outdoor environment of street canyons, 

the present simulation models introduce the prevailing ambient wind perpendicular to 

the street axis. This is because perpendicular wind direction usually induces the worst 

street canyon microclimate. However, the effect of wind direction and the impact of 

street direction should be explored in future work. 

 3) Only the thermal effect induced by solar radiation is considered in this study. In 

effect, the anthropogenic heat (waste heat released into the atmosphere) also has a 

profound impact on the urban thermal effect and corresponds to the dilution potential 

of pollutants. If this surface is heated by air-conditioners, marked changes of flow 

characteristics might be observed. Accordingly, to provide more comprehensive 

building design guidelines, these anthropogenic heat sources should be considered in 

our future work. 

 4) In the future, the part of grid sensitivity analysis should be improved. In this 

study, only the last sub-work about the lateral entrainment adopts the GCI to ensure 

mesh independence for CFD simulation. Moreover, the method used in this study for 

GCI is a little old. A more advanced approach should be considered, such as the ASME 

V&V 20−2009 standard. 

 5) For most of the CFD simulations in this study, the RNG k-ε turbulence model is 

chosen. In fact, other models, such as the SST k-ω model, have been used by many 

researchers. Especially, the SST k-ω model shows its superior ability to predict the 

boundary-layer flow. Therefore, the SST k-ω model should be taken into consideration 

for a better prediction of air flow in urban areas. 

 6) The inlet profiles in this study are valid for neutrally ABL flows. Strictly, these 

profiles should be more suitable for simulation without considering thermal effects. In 

the future, vertical distribution of air temperature can be detected by unmanned aerial 
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vehicles (UAVs). Then, this kind of distribution of air temperature can be treated as the 

inlet profile of air temperature, instead of a constant inlet temperature. Also, the profiles 

of pollutant concentration can be considered in the future study.  
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 Appendices 

Table A1.1 Mean hourly air temperatures in June in Hong Kong 

LST 07 00 08 00 09 00 10 00 11 00 12 00 13 00 14 00 15 00 16 00 17 00 

Air 
temperature 27 27.3 27.7 28.1 28.5 28.8 29 29.1 29.1 29.1 28.8 

 

Table A1.2 Spectral optical and thermos-physical material properties [199] 
Property Fluid Building Ground 

Materials Air Concrete Asphalt 

Density (kg/m3) 1.225 2400 2360 

Specific heat (J/kg K) 1006.43 750 920 

Thermal conductivity (W/m K) 0.0242 1.7 0.75 

Viscosity (kg/m S) 1.7894×105 - - 

Absorption coefficient (1/m) 0.19 0.9 0.9 

Scattering coefficient (1/m) 0 0 -10 

Refractive index 1 1.7 1.92 

Emissivity, ε 0.9 0.7 0.95 

 

Table A1.3 Conditions used in simulations with Rayman 1.2 [200] 

Position Hong Kong (22°18' N, 114°10' E) 

Cloud coverage 0 Octa 

Humidity (RH) 82% 

Activity 80 W (walking) 

Clothing 0.5 clo (summer clothes) 

Personal data  1.72 m, 65 kg, 30 years, male 

 

Table A1.4 Classification of thermal sensation [120] 

Thermal PET range (℃) Thermal PET range (℃) 

Very Cold <14 Slightly warm 30–34 

Cold 14–18 Warm 34–38 

Cool 18–22 Hot 38–42 

Slightly cool 22–26 Very hot <42 

Neutral 26–30   
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Table A6.1 Breathing rate for various age groups and microenvironments [194] 

Breathing rate 

Br (m3/day) 

Indoor at home 

 (j= 1) 

Other indoor location 

(j= 2) 

Near vehicle   

(j= 3) 

Other outdoor location  

(j= 4) 

Children 12.5 14.0 14 18.7 

Adults 13.8 15.5 15.5 20.5 

Elderly 13.1 14.8 14.8 19.5 

 

 
Fig. A3.1 Schematic for the calculation of Richardson number (volume-average wind 

speed in the asymmetric canyons is calculated within the blue region) 

 

 

Fig. A4.1 Schematic for the leeward pedestrian level (blue region) and windward 

pedestrian level (green region) in the street canyon with (a) horizontal setback and (b) 

vertical setback 



 177 

 

Figure A5.1 Illustrations of (a) in-canyon trees with various building heights 

(Htrunk/H) and in-canyon trees with various tree spacing (Wspacing/Wcrown) in CFD 

simulations. 
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Figure A5.2 Schematics of (a) test section of the wind tunnel, (b) a photo of the urban 

street canyon with trees (scale 1:150) for the wind tunnel, and (c) model setups of the 

street canyon with trees for the wind tunnel [172,173]. 
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Figure A5.3 Schematics of (a) the experimental set-up [162] and CFD simulation 

domain, boundary conditions and measurement position for the validation case 
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Figure A5.4 Illustration for the various horizontal lines for the calculation of average 

value on the leeward surface and windward surface 

 

Figure A5.5 Schematics of the calculation of surface average values on the leeward and 

windward surface 
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Figure. A6.1. (a) Comparison of inlet and incident dimensionless streamwise velocity 

(u/Uref) profiles, (b) Comparison of inlet and incident dimensionless turbulence kinetic 

energy (k/(u*
ABL)2) profiles, and (c) Schematic cross-section of the domain with location 

of inlet profile (x/H = 0) and incident profile (x/H = 5). 
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Fig. A6.2 (a) Time activity patterns for different age groups and microenvironments; 

and (b) demographic structure in Shenzhen, China[7]. 

 

 
Fig. A6.2 Cross-comparison of the dimensionless wind velocity and pollutant 

concentration at the pedestrian level of a low-rise street canyon (H/W= 1 and L/W= 5) 

between the base case and design I case with different trimmed corner Dtrim 

Base

Dtrim = 0.5W

Dtrim = 0.25W

Dtrim = 0.75W

Dimensionless wind velocity Dimensionless pollutant concentration
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Fig. A6.3 Cross-comparison of the dimensionless wind velocity and pollutant 

concentration at the pedestrian level of a low-rise street canyon (H/W= 1 and L/W= 5) 

between the base case and design II case with different indented length Lindented 

 
Fig. A6.4 Cross-comparison of the dimensionless wind velocity and pollutant 

concentration at the pedestrian level of a low-rise street canyon (H/W= 1 and L/W= 5) 

between the base case and design III case with different reduced height Hreduced 
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