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Abstract

The dispersion of pollutants in urban areas is dominated by modifications of the atmospheric flow caused by buildings. Pollutant dispersion in urban street canyons is numerically investigated using a two/three dimensional flow and dispersion model. The majority of those models are based on the isotropic two equation standard k-( turbulence models ignoring the effect of turbulence anisotropy to the dispersion characteristics in urban street canyons. The effect is considered in the present study by introduction of different turbulence models. In addition the dependency of the results on the grid size is also studied.

A three-dimensional flow model has been set-up using the Navier Stokes equations with three different turbulent models and the conservation equation for species concentration. For all cases, a vortex was formed within the street canyon, characterised by updrafts near the upwind buildings and downdrafts near the downwind buildings. It has been shown that a street canyon configuration has significant influence on the pollutant dispersion. The influence of different turbulence models on the dispersion of air pollutants has been confirmed, and dependency of the concentration results on local grid refinement for receptors close to the sources was found to range from small to moderate.

The test case, considered in this study, includes a central urban area in Glasgow, Scotland. 

INTRODUCTION
Part IV of the Environment Act 1995 led to the Air Quality Strategy for England, Scotland, Wales and Northern Ireland, (AQS), revised and published in January 2000. The Strategy sets standards and objectives for the main air pollutants of concern. The Government and the devolved administrations made a commitment to review the pollution objective set out within the Strategy, with the aim of investigating the possibility of introducing a more stringent objectives. 


     Local Authorities are required to conduct periodic reviews and assessment of air quality. Where one or more of the prescribed air quality objectives is not likely to be met by set dates between 2004 and 2009, Local Authorities must declare an Air Quality Management Area (AQMA) and prepare action plans for improvement in air quality. Where an AQMA has been designated, the Local Authority must carry out a further assessment of the current and the likely future air quality and prepare an action plan for the purpose of achieving the air quality objectives in the area concerned. 


     The Air Quality Strategy for England, Scotland, Wales and Northern Ireland sets air quality objectives for eight of the main air pollutants of concern. Within this document, the Government and the devolved administrations adopted the EC Stage 1 limit value for PM10, with a commitment to review the possibility of a more stringent objective. An EC air quality daughter directive was recently adopted which sets limit values for four pollutants: nitrogen dioxide, PM10, sulphur dioxide and lead. This Directive is subject to review by the European Commission in 2003/4. Further Directives are currently being developed (benzene, carbon monoxide and ozone) and proposals on heavy metals and polycyclic aromatic hydrocarbons are expected in the future. 

     According to the latest report on the state of air quality, Glasgow, as the biggest city in the Scotland, has areas at risk of exceeding existing or proposed new air quality objectives. More detailed analysis, than that provided by the national scale empirical model, of the consequences of proposed new air quality objectives will be required in these areas. The aim of this study is to contribute to solution of the stated tasks given by EU.

     The air flow considered in most urban air quality studies is a two dimensional in x-z plane, nonhydrostatic, nonrotating and incompressible system (Hassan and Crowther, 1998; Baik and Kim, 2001; Chan and Dong, 2002). The governing equation set is Reynolds-averaged in Cartesian coordinates and includes the horizontal momentum equation, the vertical momentum equation, the mass continuity equation, and the transport equation for pollutant concentration. Turbulent processes for momentum and pollutants are treated with the equations for turbulent kinetic energy and dissipation rate (k-ε turbulence closure scheme). The governing equations are numerically solved on a staggered grid system using the finite volume method (Patankar, 1980).  

     Hassan and Crowther (1998) used the above described approach to simulate the case of winds incident normally to a street canyon of infinite length. They compared simulated pollutant concentration with field measurements of carbon monoxide in a street canyon in Glasgow.

      Recently, due to increasing power of computers the work has been extended to the three dimensional case (Crowther and Hassan, 2001). Hassan and Crowther (2002) analysed the three dimensional transport and dispersion of pollutants from an urban street canyon and the effects of finite street canyon length. The results of their study show that the canyon geometry and wind direction can influence strongly the dispersion of pollutants.

     The aim of the present study is to develop a three-dimensional numerical model based on the Reynolds averaged Navier-Stokes equations, coupled with the following turbulence models:

1. standard k-( turbulence model

2. Renormalization Group, so called RNG turbulence model

3. Chen-Kim k-ε turbulence model

4. Two scale turbulence model

     These models will be used for simulating the pollutant dispersion within an isolated street canyon in the first stage, and then expanded to a more complex, but still schematised case of a physical model of street canyons configuration in the second stage, and finally, in the third stage, a real street canyon configuration of city centre of Glasgow. These three studied two equations turbulence models will be evaluated to determine the optimum turbulent model and its constants for simulating the air pollutant dispersion.

GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

       The test case, considered in this study, includes a central urban area in Glasgow, Scotland. The solution domain of this numerical calculation is presented in Figure 1. The figure shows the computational street canyon configuration of Hope Street in Glasgow, for B/H=1, where B is the street canyon width, and is equal to B= 20m; H is the building height, and is determined as H= 20m. The length of the street is L= 180 m.

FIGURE 1.
     Since the turbulent models are tested under assumption that the wind direction is perpendicular to an isolated street canyon, a two dimensional computational domain is considered (Figure 2). It is assumed that the air within the street canyon is incompressible, and that  the air density and pollutant emissions are constant.

FIGURE 2.
      The standard k-( model is described as follows.

Eddy viscosity:
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Turbulence kinetic energy:
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Dissipation rate:
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Closure coefficients (Wilcox, 1994):
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Auxiliary relations:
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     It should be mentioned that the standard form of the 
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 model has been found to be less than satisfactory in a number of flow situations (Spalding, 1996; Patankar, 1980), including environmental flows within a built environment (Zannetti, 1990).

     Nevertheless, because the model is so widely used, variants of the model are aimed at improving its performance. The next two have been chosen because of their ability to improve turbulence modelling of different flows near substantial obstacles, such as buildings.

     One of the tested turbulence models will be RNG k-( turbulence model, which was originally developed by Yakhot and Orszag (1986). The model is based on ReNormalization Group (RNG) methods. RNG techniques are used to develop a theory for the large scales in which the effect of the small scale is shown by modified transport coefficients. The major difference between the standard k-( model and its modified version is that the dissipation rate transport equation includes an additional source term per unit volume (Stevanovic, 2001):
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where:
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     The dimensionless parameter 
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 is determined by the following expression:
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where S is the scalar measure of the deformation tensor.

      The RNG model’s constants take different values (Spalding, 1996):
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     In the Chen-Kim k-ε turbulence model, several of the standard k-ε model coefficients are adjusted so that the model maintains good agreement with experimental data on classical turbulent shear layers. Because of its success for a number of separated-flow calculations, the Chen-Kim modification is used as an option in this study.

     In this modification of the standard k-ε turbulence model the ε production term is divided into two parts, the first of which is the same as for the standard model but with a smaller multiplying coefficient, and the second of which allows the turbulence distortion ratio (Pk/ε) to exert an influence on the production rate of ε (POLIS, 2000). The Chen-Kim modified k-ε model introduces the different values for the model constants: 

σ k =0.75 ; σ ε=1.15 ; Cτ1=1.15 ; Cτ2=1.9 

and an extra timescale k/Pk is included in the ε-equation via the following additional source term per unit volume: 

S τ = ρf 1C τ3Pk2/k 

where Cτ3=0.25, Pk is the volumetric production rate of k, and f1  is the Lam-Bremhorst [1981] damping function which tends to unity at high turbulence Reynolds numbers. 

     The other model used for this study is a two scale turbulence model. In this model the total turbulence energy, 
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, is divided equally between the production range and transfer range (Spalding, 1996):
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where 
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 is the turbulent kinetic energy of eddies in the production range, and 
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 is the energy of eddies in the dissipation range. Two transport equations are employed to describe the rate of change of turbulence energy associated with each of the two regions:
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where: 
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is the transfer rate of turbulent kinetic energy from the production range to the dissipation range; 
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     The closure of these equations is accomplished by defining 
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where 
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are constant model coefficients. The 
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 terms can be interpreted as variable energy transfer functions (Stevanovic, 2001). It can be seen that the former term increases the energy transfer rate when production is high, and the second term increases the dissipation rate when the energy transfer rate is high.

     The model constants are as follows:
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     The eddy viscosity is calculated using the following equation:
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 is a constant, the effective eddy viscosity coefficient can be determined as:


[image: image41.wmf]

 EMBED Equation.3  [image: image42.wmf](

)

(

)

P

DF

D

C

C

C

C

e

e

m

m

=


     The pollutant sources are motor vehicles passing in the one way between two blocks of buildings. Traffic flow is assumed to be 1000 vehicles per hour. The above assumption about inert air flow can be justified by modelling the dispersion of carbon monoxide, which is a relatively non reactive gas in the atmosphere. The carbon monoxide emission factors are taken as 35 g km-1 for petrol engines, and 3.5 g km-1 for diesel engines, both for vehicles running at 20 km h-1 average speed. It has to be noted that these figures are obtained from Strathclyde Road Office, and they are not up to dated.

RESULTS AND DISCUSSION

     Twelve cases have been studied for the analysis of dispersion characteristics of air pollutants within a street canyon under different symmetrical/asymmetrical canyon configurations, and different canyon aspect ratios. In all cases the wind speed has been set up to be perpendicular to the axes of a street canyon. The emission rate along the canyon is assumed to be constant, arising from a traffic flow of 1000 vehicles per hour. The four different turbulence models were tested in order to describe the dispersion of the air pollutants more realistically, and the influence of the grid refinement on the dispersion has been investigated using two different grids.

     Figure 3. shows that a vortex develops within the street canyon, and represents air flow characteristics obtained by using the Standard k-ε model. It can be noted that for all cases, a vortex was formed within the street canyon, characterised by updrafts near the upwind buildings and downdrafts near the downwind buildings.

FIGURE 3.
     Figure 4. shows the horizontal wind velocity at the leeward face of the upwind building predicted by the developed model coupled with the four different turbulence models, and compared with the experimental data. Two applied turbulence models show slightly better results: RNG k-ε model and two scale model. 

FIGURE 4.
     It has to be stated that quantitative and qualitative performances of the turbulence models are not the only factors which have to be taken into account when the model is assessed. Two scale model, described in the previous section, is much more time consuming, than the other of the tested models. All cases were tested on the same computer, which characteristics are stated on the first page of this study. Table 1.  shows time needed for different numerical calculations.

Table 1: Time consumed for numerical calculation under four different turbulence models and two different grids

Hours:minutes
Standard k-ε
RNG k-ε
Chen-Kim k-ε
Two scale

Coarse grid
0:22
0:23
0:24
0:52

Refined grid
0:49
0:51
0:53
1:50

     Both the experimental and calculated results show that the magnitude of pollutant concentrations on the leeward side of the up wind building is much larger, up to four times than the windward side of the down wind building. Figure 5. shows, that on the leeward side, the pollutant concentrations decrease exponentially from the street surface to the roof of the up wind building for all tested turbulence models. However, RNG k-ε model provides more accurate results than the other models. Figure 6. shows that the pollutant concentrations are almost constant along with the height at the windward side of the down wind building. Comparing (and magnifying) the curves obtained by using different turbulence models, it has to be stated that Standard k-ε model gives the slightly different shape of the concentration curve for the lower region of the canyon than the other models. This problem should be examined in details.

FIGURE 5; FIGURE 6.
     Figure 7. shows the dispersion of the air pollutants for different turbulence models. All cases were conducted under the same geometrical and numerical conditions. When the wind speed is 4 m/s, all tested models show that the concentration of the pollutant is much higher at the leeward side of the up wind building. However, as it can be seen, all models, except Standard k-ε model, predict the magnitude of the pollutant concentration more realistically. The exponential form of the pollutant concentration at the leeward side of the up wind building has been confirmed. 

FIGURE 7.
     Dependency of the dispersion of the pollutants on the aspect ratio for the chosen RNG k-ε model is given in Figure 8. The air flow characteristics are compared with previous research findings (Hassan and Crowther, 1999) and highly satisfactory agreement is obtained.  

FIGURE 8.             

     Dependency of the dispersion of the pollutants on the grid refinement for the chosen RNG k-ε model is given in Figure 9. As it can be seen , the influence of the grid refinement can be small for carefully designed grid. The set of tests conducted to examine the influence of grid refinement on the dispersion of the pollutants shows that working domain is fairly scaled if 40 to 60 cm is represented by single cell near pavement.

FIGURE 9.

     Application of the developed model has been made for the Hope Street in Glasgow, Scotland. The geometry of the street canyon has been presented using specific values for the height, width and length of the street, coupled with typical traffic densities counted manually by Strathclyde Regional Council Roads Department. The air quality monitoring station was set up and maintained by Warren Spring Laboratory, near Glasgow Central Station, on the east side of Hope Street. The sample intake was situated 2.5 m above pavement and 0.5 m from the kerb. When the wind was from the east (90º) the sampler was on the leeward face. When the wind was from the west (270º) the sampler was on the windward face. Figure 10. shows the comparison between the predicted and measured CO concentrations at the leeward and the windward faces.

FIGURE 10.

SUMMARY AND CONCLUSIONS

     In this paper, a three-dimensional air quality numerical model is developed based on the Reynolds-averaged Navier-Stokes equation and the four different turbulence models, to predict the characteristics of dispersion of air pollutants within an isolated, idealized street canyon. Due to analysis of the different turbulent models, it was assumed that inflow wind is perpendicular on the axis of the street canyon. A evaluation of the numerical model has been done using the previous research findings, and the database from a set of street canyon monitoring programmes and experiments.

     The reasonable agreement between the calculated and observed concentrations, proves that PHOENICS, as a general CFD code, is capable to predict the pollutant distributions emitted by vehicle within an urban street canyon.

     Twelve cases have been studied for the analysis of dispersion characteristics of air pollutants, including more practical cases for chosen turbulence model. The results show that a vortex can form within a street canyon and up to four time higher concentration at the leeward side than those at the windward side. The concentration on the leeward side decrease exponentially, from bottom to top of the upwind building. The pollutant concentrations on the windward side are almost constant along the height of the downwind building. Among the studied turbulence models, RNG k-ε turbulence model is demonstrated to be the most optimum turbulence model by comparing with the previous research findings, and taking into account tested time efficiency. It has been shown that geometry of a canyon, analyzed through different aspect ratio and asymmetrical street canyons, has a strong influence on the dispersion of air pollutants. It is found that the released pollutants become more diluted when the height of a street canyon is lower, and the height of the upwind building is bigger than the height of the downwind building, i.e. for the so called step-down notch.   Dependency of the concentration results on local grid refinement for receptors close to the sources was found to range from small to moderate.
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Figure 1. The geometry of an idealised street canyon
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Figure 2. Transverse coarse solution grid for PHOENICS
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Figure 3. Two dimensional simulated wind flow in a street canyon (Standard k-ε model)
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Figure 4. Horizontal wind velocity at the leeward face of the upwind building for                                                      different turbulence models
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Figure 5. Vertical calculated concentration at leeward face for different turbulence models
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Figure 6. Vertical calculated concentration at windward face for different turbulence models
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Figure 7. Dispersion of the pollutants for different turbulent models: (a) standard k-ε model, (b) RNG k-ε model, (c) Chen-Kim k-ε model, (d) Two-scale turbulence model
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Figure 8. Dependency of the dispersion of the pollutants on the aspect ratio at the leeward face of  the building
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Figure 9. Dependency of the dispersion of the pollutants on the grid refinement for RNG k-ε turbulence model
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Figure 10. Comparison between numerical and measured CO for leeward face of upwind building
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