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Abstract

Very few urban pollution dispersion studies have investigated urban canyon

intersections, a common feature in cities. A group of four rectangular buildings was

studied in this thesis, which can be regarded as an intersection of four street canyons or

as the simplest unit of an urban building array. The arrangement of the four buildings

was varied systematically by changing parameters such as street width, building offset,

and incident wind direction. This approach was adopted as a first step towards

understanding more elaborate and realistic city geometries.

Wind tunnel physical modelling and Computational Fluid Dynamics (CFD) numerical

modelling were to used to model the flow and dispersion associated with the building

arrangements studied. Wind tunnel experimental techniques included flow visualisation,

tracer concentration measurements, and Laser Doppler Anemometry (LDA). CFD

simulations were three-dimensional, steady-state solutions of the RANS equations using

a linear k-E turbulence model.

It was found that the horizontal exchange of flow and pollutants between the individual

canyons making up the intersection is an important mechanism, which is ignored in

existing street-canyon dispersion models. Observed flow and dispersion patterns

depended strongly on building arrangement parameters such as Street width, orientation

to the wind direction, and building offset. In some cases, flow and dispersion patterns

were found to be sensitive to very small changes of these parameters. Differences in the

height of individual buildings, and the presence of nearby intersections were also

investigated briefly and were found to be significant factors. CFD simulations

successfully reproduced the overall flow and dispersion behaviour observed in the wind

tunnel, with some discrepancies in the detail of the predictions. The implications of the

results within the wider context of urban air quality assessment are discussed, and a

parametric model of dispersion at urban intersections is proposed for extending the

scope of existing Street canyon models.
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CE, C 1 , C2	empirical constants in the k-c turbulence model

Cb	 background concentration

CR	 concentration contribution due to canyon re-circulation
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shear turbulence production rate

Q
	

pollutant source strength, mass per unit time

r	 shortest distance through the air from source to receptor

r	 residual of a flow variable 4)

R
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aH, aw, a	 standard deviations of building height, length, and width distribution

standard deviation of a normal (gaussian) distribution

empirical constant in the k-E turbulence model

CT0	 initial plume spread

a, as,, a.	 standard deviations of turbulence components of u, v, and w

wall shear stress or wake residence time

4)	 flow property or angle between incident and scattered beam

volume flux per unit time (m3/s)

General suffices and notation

- or <> time averaged quantity

AB, CD	 corresponding to canyons AB, CD

DB, CA	 corresponding to canyons BD, AC

x	 longitudinal (along flow) direction (or component)

y	 lateral direction (or component)

z	 vertical direction (or component)

w	 wake

i	 cartesian tensor notation suffix

u	 upwind

d	 downwind

turbulent component or non-dimensional mean quantity

R	 reference value

I	 normal component

+	 subscript: corresponding to positive 0 or Dy

-	 corresponding to negative 0 or Dy

+	 superscript: non-dimensionalised quantity in the near wall cell

FV	 finite volume
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Chapter 1

Introduction

1.1 Background

Air pollution in cities is a major environmental concern. The dominant cause of poor air

quality in most cities around the world is vehicle traffic, which emits a mixture of

harmful pollutants (CO. NOx, VOCs, particulates, etc). The increase in traffic volume

within the densely built and poorly ventilated urban areas is a worrying trend, especially

since increasingly larger populations live and work in cities.

Assessing and managing urban air pollution is currently a very active area of

environmental research, and involves many different areas of expertise and a diversity

of scientific disciplines. The research presented in this thesis is part of the wider effort

towards improving the existing understanding of the urban air quality system, which

forms the basis of air quality management practices and policy.

As illustrated in Figure 1-1, the urban air quality system involves four main elements

acting in sequence, from cause to effect. Pollutant 'emissions', the fundamental cause of

the air pollution problem, form the bottom end of the system. The next stage up is the

process of 'dispersion', whereby pollutants emitted by vehicles are transported, diluted

and chemically transformed in the atmosphere. This creates a distribution of pollutant

concentrations, to which receptors of air pollution (e.g. people, vegetation, buildings)

become 'exposed'. At the top end of the system, the 'impact' of air pollution is the

adverse effect resulting from exposure to air pollution.

The issue that attracts most of the attention of the media and the policy makers is the top

end of the air quality system, since the impact of air pollution on human health is the

primary concern. However, in assessing and managing urban air quality all aspects of

the system are important. The most fundamental and effective way to improve air

quality is to control the air quality system at the lowest level, by reducing emissions.

Emissions reduction measures include 'clean' technologies (e.g. catalytic converters and
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Integrated air quality assessment
Air quality management

Epidemiological studies 	 Medical research
(e.g. cohort, time-series)
	

Biological monitoring

Adverse effect of pollutant on the receptor
(increase in morbidity and mortality,

deterioration of visibility,
damage to buildings)

Impact

Personal CXOSUC	 Bio-monitoring
monitoring and modelling 	 (using indicator plants)

L)ose of pollutants absorbed by receptor
(human, fauna and flora, buildings)

Exposure

Urban dispersion 1 ft	 Air quality monitoring
modelling	 I

spatial and temporal distribution of
concentrations

Dispersion

Urban affic monitoring 	 ft	 Vehicle emissions
and modelling	 modelling and monitoring

spatial and temporal distribution of
vehicle, industrial and domestic

pollutant sources

Figure 1-1 The air quality system and related monitoring and modelling studies
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solar cars), or reducing the density of vehicle traffic (e.g. using traffic diversion and

traffic calming, or more strategically, alternative transport policies).

At the intermediate levels of dispersion and exposure, controlling the air quality system

is much less effective and generally undesirable (e.g. the use of pollution masks by

urban cyclists or advising people to stay indoors during pollution episodes).

Nonetheless, the understanding of these processes provides the causal link between

emissions and impact, a crucial part of both urban air quality assessment and

management. Many different areas of expertise are involved, such as vehicle emissions

modelling, dispersion modelling, air quality monitoring, personal exposure modelling

and epidemiological or medical studies (Figure 1-1).

The research presented this thesis falls within the field of dispersion modelling, i.e.

linking emissions to concentrations. The focus of this work is on 'microscale' urban

dispersion, i.e. on modelling concentrations near sources of pollution, within a scale of a

few hundreds of metres. Since traffic sources are situated at ground level in the confined

spaces between buildings where the majority of the urban population lives and works,

microscale dispersion modelling is the most appropriate approach for assessing personal

exposure in cities.

Despite what seems to be a widespread public perception, there is much uncertainty in

our understanding of the air pollution system and the way emissions and impact are

related. Broad estimates rather than exact calculations are used in air quality assessment

and management, due to the complexity and the uncertainties inherent in modelling

each level of the air quality system. Linking emissions to impact requires a long chain

of interconnected modelling methods: dispersion modelling depends on emissions

estimates, personal exposure models depend on the concentrations provided by the

dispersion modelling, and epidemiological models depend on the pollutant dose

modelled at the personal exposure level.

Microscale dispersion modelling is a particularly difficult task. Pollutant dispersion

within the urban canopy is strongly influenced by fully turbulent, localised flows around

three-dimensional sharp-edged 'bluff' obstacles; modelling such flows numerically is

currently one of the most challenging problems in the field of fluid dynamics. In this
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thesis, state-of-the-art wind tunnel experimental techniques and Computational Fluid

Dynamics (CFD) numerical simulations were used to understand the flow and

dispersion field around urban canyon intersections, which are typical street-building

configurations in cities. Practical applications of the results presented in this thesis

include a novel method for modelling dispersion at intersections and suggestions for

improving existing urban dispersion modelling.

1.2 Motivation and aims of the research

This research was motivated by the need to improve, and extend the scope of existing

microscale dispersion modelling approaches. Urban areas are complex networks of

interconnected streets and buildings, and localised flows in the spaces between

buildings and streets can affect overall dilution and create significant small-scale spatial

variations of pollutant concentrations. Dispersion in urban street canyons. i.e. streets

with buildings on both sides, is a classic example. The flow above the canopy drives a

strong localised flow re-circulation pattern, which creates a spatial variation of pollutant

concentrations due to traffic emissions at street level as illustrated in Figure 1-2.

Roar Is vàd
Ra4&iri vl rwñ

Figure 1-2 Spatial variation of concentration in a Street canyon due to flow
re-circulation (from Berkowicz et a!, 1997)
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The street canyon has been the focus of most previous research on urban microscale

dispersion, particularly the idealised geometry of an infinitely long, two-dimensional

canyon with buildings of equal height on both sides. In fact, the approach adopted by

most microscale dispersion modelling studies is to represent an urban area as a

collection of idealised street canyons. Another approach is to model urban areas as

regular arrays of buildings. Although street canyons and regular arrays are useful

simplifying concepts, their applicability and validity is limited by the very simplifying

assumptions on which they are based.

Street canyons are not infinitely long or isolated entities in cities; street canyons are

segmented, and connected to other canyons at urban intersections. There have been only

very few dispersion studies on urban canyon intersections, where flow patterns and

dispersion behaviour can be markedly different to those in idealised, isolated Street

canyons (Hoydysh and Dabberdt, 1994). Urban canyon intersections are also of interest

because they are associated with increased traffic congestion and are therefore widely

regarded as emissions and concentration hotspots in cities (Zamurs, 1990).

By modeffing the flow and dispersion at urban canyon intersections, it was envisaged

that current understanding on idealised, isolated urban canyons could be extended to

include the effect of interactions between neighbouring canyons, helping to bridge the

gap between street canyon and building array modelling approaches.

The main objectives of the thesis research were therefore defined as follows:

1. To study factors which influence the microscale flow and dispersion behaviour at a

at street-canyon intersections.

2. To investigate the spatial variation of concentration associated with various

street-canyon intersection arrangements, by reference to the localised flow field

between the buildings surrounding the pollutant sources.

3. To establish mechanisms of flow and pollutant exchange between street-canyons at

urban intersections, and the importance of such interaction in the context of street

canyon modelling.
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4. To use both experimental and computational modelling techniques (wind tunnel and

CFD) to study the flow and dispersion field.

5. To compare results from wind tunnel and CFD simulations, and thus evaluate CFD

as a modelling tool for near-field dispersion around groups of buildings

6. To suggest ways in which existing urban dispersion modelling could be improved

on the basis of the research on all the issues mentioned above

1.3 Scope of research and simplifying assumptions

Various arrangements of four buildings were studied, which can be interpreted as

intersections of four street canyons or as the simplest units of an urban building array.

The chosen 'basic' street-building arrangement was a group of four identical rectangular

buildings, on a rough flat surface, forming four long street canyons meeting at right

angles as illustrated in Figure 1-3. This arrangement was systematically varied to

explore the effect of parameters such as canyon widths (X, Y), lengths (Lx, Ly),

building offset (Dy) and the incident wind direction 0.

Modelling the flow and dispersion field of four buildings in isolation is not strictly

representative of an actual urban intersection. Intersections are not isolated entities in

cities, and the flow and dispersion behaviour at the intersection may be affected by the

details of the surrounding buildings. However, this simple geometry was considered

appropriate:

a) as a generic case that would allow the exploration of the fundamental aspects of

flow and dispersion associated with a group of buildings

b) as a first step towards understanding more elaborate and realistic city geometries

c) as a more straightforward case for CFD modelling and validation.
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Figure 1-3 Arranging a group offour buildings: relevant parameters and
conventions

To focus on the flow and pollutant exchange mechanisms between the canyons at the

central area of the intersection, and to minimise the influence of end-effects, the lengths

of the canyons were chosen several times longer than the building height (Ly=6H or 4H,

Lx=4H). The height-to-width ratios of the canyons formed by the four buildings (X/H

and YIH) were also chosen to be close to unity, to achieve the 'classic' canyon

skimming flow regime (as explained in Chapter 2).

The wind tunnel experiments were performed in the large atmospheric boundary layer

wind tunnel, of the Environmental Flow Laboratory at the University of Surrey (EnFlo).

The CFD modelling was implemented using the well-established commercial CFD

code, STAR-CD, on a workstation computer. The CFD simulations were

three-dimensional, and involved solving the steady state Reynolds-Averaged

Navier-Stokes equations, using a variant of the standard k-e turbulence model.

No atmospheric stability, or differential heating effects were modelled, and neutral

atmospheric conditions are assumed throughout. Other factors, such as vehicle-induced

turbulence, and the effect on localised emissions of traffic flow and queuing associated
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with street junctions, were also not included. Although such effects can be important in

practice, these can be addressed more effectively in future work, based on the

understanding of the fundamental flow and dispersion mechanisms at intersections

gained within the simpler context adopted in this research.

The scope of research defined above is original, and involves a variety of disciplines

and areas of expertise. As illustrated in Figure 1-4, this thesis draws on the

environmental science disciplines of urban air pollution assessment and modelling, as

well as on the fields of wind engineering and bluff-body aerodynamics, and involves the

use of specialist wind tunnel and CFD modelling techniques.

urban air quality	 urban dispersion
assessment	 modelling

Thesis

Modelling Street canyon
inter sections

wind tunnel modelling 	 CFD modelling

bluff-body aerodynamics

wind engineering 4

Figure 1-4 The inter-disciplinary scope of the thesis

1.4 Outline of the Thesis

The thesis is structured into eight chapters. Chapter 2 is a review of urban dispersion

modelling, with an emphasis on near-field dispersion modelling. The research strategy

and methods used in this work are described and discussed in two separate chapters:

wind tunnel experimental methods are presented in Chapter 3, and CFD modelling

methods in Chapter 4.

26



Chapter 1	 Introduction

The results of the wind tunnel experiments are presented in Chapter 5. The results of the

CFD simulations are presented in Chapter 6, by comparison to the wind tunnel results.

The practical applications of these results and their relevance within the wider context

of urban air quality modelling are discussed in Chapter 7.

The main findings and conclusions of this thesis are drawn together in Chapter 8,

together with a discussion of the limitations of this work and recommendations for

future research.
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Chapter 2

Review of near-field urban dispersion modelling

2.1 Introduction

In this chapter, the wider context of the thesis is presented through a review of urban

dispersion modelling, with a focus on 'near-field' dispersion (as defined in 2.3.3). The

fundamental principles of dispersion modelling, and the influence of meteorological

phenomena are discussed in 2.2.

Particular issues and difficulties associated with dispersion in the urban environment are

discussed in 2.3. Existing urban dispersion modelling methods and practices are

described in 2.4. Subsequent sections focus on near-field urban dispersion modelling

studies, on isolated buildings, groups and arrays of buildings, urban canyons and urban

canyon intersections, which are related to or relevant to the issues and arguments

discussed in this thesis.

2.2 Fundamentals of dispersion modelling

2.2.1 The theoretical basis of dispersion modelling

The fundamental problem in dispersion modelling is to calculate the instantaneous

concentration field of a pollutant C (x, y, z, t), introduced into a domain at a mass per

unit time rate Qc, given a particular set of boundary conditions for the domain.

Any dispersion modelling calculation is based on an appropriate expression of pollutant

mass conservation in the domain. Using an Eulerian approach and considering pollutant

mass conservation applied to a control volume:

ac	 a2c
2-1
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where U• is the wind velocity through the control volume, Qc refers to sources of

pollutants with the control volume, and a is the molecular diffusivity of the pollutant.

This equation together with the Navier-Stokes equations of flow (discussed in detail

later, in Chapters 3 and 4) provide the mathematical basis of dispersion modelling. A

pollutant release is considered to be 'passive' if introducing the pollutant does not affect

the density of the fluid in which it disperses (i.e. for sufficiently low values of pollutant

concentration) and provided that the pollutant is introduced without initial excess

momentum, If this is not the case, the Navier-Stokes equations have to be modified to

account for the effect of the pollutant release on the flow field.

An important property of equation 2-1 is that is it'near in C, unlike the equations of

flow, which are non-linear with respect to velocity. As a result, the concentration field

due to multiple sources is equal to the -linear superposition (addition) of the

concentration fields due to each source separately.

Applying Reynolds averaging (discussed later in 4.1.2) on equation 2-1, the expression

for the time averaged value of concentration Cis given by:

—+U,—=–a
at	 ax,	 ax, ax,

(I)	 (II)

Dispersion involves pollutant transport, due to 'advection' and 'diffusion'. Advection is

the transport of the pollutants by the mean wind velocity (represented by term I of

Equation 2-2). Diffusion allows pollutant spread in additional directions to that of the

mean wind velocity; it is due to turbulent mass transfer (term III), and to molecular

processes (term if), although the later becomes relatively insignificant in high Re

number flows.

Dispersion is also a process of pollutant chemical and physical transformation.

Pollutants may interact with each other chemically, or in the case of particulate

pollution, also physically (e.g. particle coagulation and ground deposition). These

effects can be introduced as additional terms in Equation 2-2. However, only the

pollutant transport aspect of dispersion modelling will be considered in this thesis.

au1c

ax,	 2-2

(III)
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Terms of the form uc' can be approximated by a relation to the mean concentration

gradient using the eddy diffusivity concept proposed by Boussinesq:

a(u,'c')K a2	 2-3

ax1

where K1 is the 'eddy diffusivity' in the i-direction. This approximation is referred to as

the 'K-theory' of turbulent diffusion

Substituting from 2-3, and neglecting the effect of molecular diffusion, Equation 2-2

can thus be re-written as:

a2
—+U,—=–K,
at	 ax,	 ax1 ax,

often referred to as the 'advection-diffusion' equation.

K-theory provides a simple method of turbulence closure for diffusion, and is thus very

popular and widely used in the dispersion field. However, it has several limitations.

Only the scales of turbulent motion (eddies) that are smaller than the diffusing puff or

plume can be considered. Also, unlike a, K.1 is not a property of the fluid, but varies in

time and space, depending on the type of flow, and thus there is no generally applicable

method of specifying eddy cliffusivities.

2.2.2 Gaussian analytical solutions

Equation 2-4 can be solved analytically for simple boundary conditions. For example,

an approximate solution for an isolated, continuous point source in an unbounded

uniform flow field of velocity U, ignoring along-wind diffusion, is:

QC(x,y,z)=	 expl__2_j-1	
I	 2 1

expi ---i- I
2JrUaa	 L 20 Y ] L 2a]

This solution indicates that the pollutant spreads in the y and z directions as a 'normal'

or 'Gaussian' distribution, with a standard deviation a and a in each direction. Both a

2-4

2-5
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and a are related to K and K of Equation 2-3 (by a12 = 2K1xIU), however a and a are

in practice calculated using empirical relations, as a function of the distance x from the

source, and atmospheric stability conditions (e.g. as reviewed in Arya, 1999).

On the basis of Equation 2-5, other solutions can be obtained. A 'reflected' Gaussian

solution can be derived for a source at a height hs over an infinite flat plane (e.g.

ground) using a 'image source' method, and other Gaussian expressions for line and

area sources can be obtained by simple integration of the point source solution. These

'Gaussian' analytical solutions to the advection-diffusion equation are the basis of the

Gaussian 'plume' and 'box' models to be discussed in 2.4.5.

2.2.3 Meteorological considerations and dispersion scales

An understanding of meteorological processes is central to dispersion modelling.

Pollutants are advected by the atmosphere's wind flow patterns, ranging from a local to

a global scale. Diffusion is carried out by atmospheric turbulence, which is generated

mechanically (due to velocity gradients), or thermally (due to temperature gradients),

and is subsequently dissipated or enhanced depending on atmospheric conditions.

The 'scale' of pollutant transport, at a particular distance from the source, is also a

fundamental consideration in dispersion modelling. The dominant mechanisms of

advection and turbulent diffusion in the atmosphere differ spatially over a variety of

vertical and longitudinal scales, depending on the vertical structure of the atmosphere

and its meteorological systems. Identifying the scale of influence of a particular source

or ensemble of sources of pollution is another important issue, since modelling pollutant

concentration at any given point usually depends on the relative contribution of a

multitude of sources, over the vast range of possible scales of transport in the

atmosphere.

The vertical structure of the atmosphere

The atmosphere has a vertical structure of layers, each with a distinctive temperature

profile. Figure 2-1 shows the average temperature variation with altitude in the

atmosphere on the basis of which the structure of the atmosphere is defined.
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Nearly all air pollutants emitted from the surface of the Earth are dispersed and retained

within the 'troposphere', the layer extending between the ground and an altitude of 9 to

16km. There is little mixing between the troposphere and the stratosphere above, and

thus the only pollutants that can reach the stratosphere are relatively inert pollutants that

remain in the troposphere over long times (e.g. CFCs).

THERM SPHERE

- - - Mesopause - - - - - - - - - -

MESOSPHERE

----Stratopause - - --- - -

STRATOSPHERE

T;opopouse

10 r	
ROSPHERE	

11000I	 I
-100 80 60 -40 -20 0 20 40 60

TEMPERATURE ('C)

Figure 2-1 The vertical structure of the atnosphere: average temperature
variation with altitude (from Arya, 1999)

The troposphere is further divided into the 'mixing layer' and a 'free' layer aloft. The

mixing layer or 'planetary boundary layer' (PBL) is the shear layer that couples the

atmosphere to the rough surface of the Earth. As any boundary layer over a rough

surface, it can be further subdivided into the 'outer', 'surface' and 'roughness'

sub-layers, on the basis of the different velocity and shear profiles in each sub-layer

(Figure 2-2).
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Figure 2-2 A schematic representation of the Tropospheric sub-layers

The planetary boundary layer and the effect of atmospheric conditions

The planetary boundary layer (PBL) is charactensed (on average) by intense turbulent

mixing, and is a 'buffer zone' in which heat, moisture and pollution from sources at the

surface are stored for a few days, before being released into the rest of the troposphere.

Turbulence in the mixing layer is generated mechanically, due to vertical shear

(variation of wind speed with height), and thermally, due to temperature differences

between the ground and the air above. Depending on the variable balance of thermal

energy into and out of the PBL and corresponding temperature (and density) profiles,

turbulence generated in the layer may either be suppressed or enhanced.

Atmospheric conditions are typically classified as 'unstable' when sources of energy

outweigh sinks, 'stable' when the opposite is true, and 'neutral' in the case of

equilibrium (Smith and Hunt, 1977). There is a particular vertical temperature (and

density) gradient associated with each regime, and the depth of the PBL also differs

correspondingly.
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In an unstable PBL, temperature increases with height at a rate that causes buoyant

mixing. Turbulent mixing is enhanced and large scales of turbulence due to convection

can span the depth of the PBL, between 400 and 2000m. In a stable PBL, turbulence is

suppressed, and the depth of the layer may be only few tens of meters to about 400m. In

a neutral PBL (associated with windy, cloudy atmospheric conditions) mechanically

generated turbulence is neither enhanced nor suppressed. The depth of the neutral layer

is typically assumed to be about 600m in the UK.

Scales of pollutant transport in the atmosphere

Traditionally, the scale of atmospheric motions and related phenomena have been

classified according to their horizontal dimensions into three (or four) broad categories:

macroscale, mesoscale, (local scale), and microscale. There are differences in the

literature on the definition of these atmospheric flow scales. Table 2-1 summarises the

definition by Oke (1987). Atmospheric phenomena as associated with each scale are

illustrated in Figure 2-3.

Micro-scale	 1(12 to iO3 m

Local scale	 102 to 5x104 m

Meso-scale	 iO4 to 2 x i05 m

Macro-scale	 i05 to iC)8 m

Table 2-1	 Atmospheric dispersion scales based on horizontal distance from the
source, according to Oke (1987)

Pollutants in the atmosphere are advected and diffused over the entire range of

atmospheric scales defined above. The length scales of horizontal and vertical transport

of any pollutant range from a scale of a few meters near the source, up to a global scale.

The time scales involved for pollutants to spread and mix over these length scales, range

from minutes to years (Table 2-2)
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Horizontal distance	 Dispersion scale	 Time scale

1 to 10 m	 microscale	 Seconds

10 m to 1 km	 microscale	 Minutes

3 to 30 km	 local scale	 Hours

100 to 1000 km	 mesoscale	 Days

Hemisphere	 macroscale	 Months

Globe	 global scale	 Years

Vertical distance	 Atmospheric layer involved	 Time scale

Ground to lOOm-3km	 Surface layer	 Minutes to hours

lOOm —3km to lOkm-l5km Mixing layer to Troposphere 	 Days to weeks

lOkm-l5km to 50km	 Troposphere to Stratosphere	 Years

Table 2-2	 Horizontal and vertical transport scales in the atmosphere (adapted
from Boeker et al., 1995)

Pollutants released into the atmosphere at ground level are initially advected by

localised flow and turbulent mixing in the PBL near the ground. Pollutant transport is

then taken over by local scale winds and mesoscale circulations (e.g. urban heat islands,

land and sea breezes, mountain and valley winds, thunderstorms). Up to several hours

and a distance of tens of kilometres later, pollutants are advected along two- or three

dimensional mean flow patterns (limited in the vertical by the depth of the PBL),

turbulent diffusion varying according to the conditions in the PBL. Within a travel time

of about a day to a few days, synoptic scale systems (such as cyclones and anticyclones)

transport pollutants along generally complex horizontal pathways ('trajectories').

Horizontal and vertical spread about the mean trajectories is determined by the

embedded mesoscale and microscale motions, and pollutant exchange between the PBL

and the rest of the troposphere occurs as a result of synoptic scale vertical motions (e.g.
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at fronts, hydraulic jumps over mountains and large scale convective motions in the

PBL). Over a time scale of weeks, pollutants have become mixed vertically throughout

the depth of the troposphere and horizontally over synoptic scale systems. During this

time, pollutants are not only transported but also transformed chemically and removed

due to gravitational settling and wet deposition. Only relatively inert gases remain in the

atmosphere by the time macroscale systems take over. These are global circulation

patterns (such as the trade winds and jet streams) which cause pollutants to disperse

over the entire hemisphere (northern or southern), and eventually over the entire globe,

with some vertical mixing into the stratosphere.
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Figure 2-3 Spatial and temporal scales of atmospheric phenomena (Oke, 1987)

The effect of meteorological phenomena and scales on dispersion modelling

As a result, appropriate assumptions and simplifications for modelling the physics of

dispersion differ markedly according to the scale of meteorological phenomena

involved. The scope of dispersion studies is therefore usually defined in terms of the

atmospheric scales defined above. Based on the distance from the source, dispersion

studies are thus classified into micro-, local-, meso- and macro- scales.
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However, dispersion at any given scale cannot be studied in isolation, since phenomena

at each scale influence and co-exist with each other. Coupling models of different scales

is thus a desirable goal, though in practice usually it is very difficult to achieve.

Linkages between dispersion at different scales are often implicit and complex,

especially since flow patterns interact non-linearly over a vast range of scales (as

discussed later in 4.1.1).

2.3 Urban dispersion modelling issues

2.3.1 The context and applications of urban dispersion modeffing

Urban dispersion modelling involves the estimation of the likely concentration field in a

city, due to urban sources of air pollution, typically vehicle exhaust emissions (e.g. in

London, traffic emissions account for more than 90% of CO emissions, and 77% of

particulate emissions (Beevers et al., 1993)). Information on the concentration field can

then be translated into an estimate of exposure of receptors (human, flora and fauna,

buildings). Exposure information is finally used to estimate the acute and long-term

effects of air pollution on the urban population and environment, the basis of air quality

assessment and management.

Although networks of routine air pollution monitoring in cities provide measurements

of concentrations at a variety of urban sites for the assessment of existing urban air

quality, only dispersion modelling can provide a causal link between emissions and

concentrations. As such, dispersion modelling is the only tool for predicting

concentrations on the basis of future scenarios (traffic emissions, climatic changes),

which is crucial for planning air quality management strategies.

Another strong motivation for improving the reliability and accuracy of dispersion

modelling is that modelling can also be used to complement, or partially replace routine

monitoring. A considerable expense is involved in running reliable monitoring stations,

and only a limited number of stations, for a limited number of pollutants, can be

operated in any given city, which cannot cover the significant spatial variability of

concentrations in the urban environment. Modelling can help provide additional

information to interpolate between localised monitoring data, and assess their
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'representativeness', e.g. by distinguishing between localised effects and city-wide

contributions (as discussed in Scaperdas and Colvile, 1999).

Typically, dispersion models calculate concentrations based on a spatial and temporal

input of emissions data. Emissions are usually derived from measured or modelled

traffic counts, and from estimates of vehicle emissions factors (e.g. as described in

Eggleston, 1992). Detailed inventories of emissions factors are available (e.g.

EMEPICOPJNAIR, 1996). Nonetheless, due to the many variables involved (e.g.

engine type and tuning, running hot or cold, accelerating or idling, fuel used) and the

variability of the vehicle fleet composition, estimates of emissions are limited by

significant uncertainties and can be only broadly accurate. 'Inverse' dispersion

modelling, i.e. estimating emissions from measured concentrations, can be used instead

to improve emissions modelling. Hertel et al. (1999) describe such a modelling study

aimed at estimating the trend of NOx emission factors for the vehicle fleet in Denmark,

in connection with the introduction of catalytic converters.

23.2 The complexity of urban dispersion modelling

As discussed previously in 2.2, dispersion modelling in the atmosphere is generally a

difficult task due to the complex effects of meteorology on advection and diffusion, and

the wide range of different scales involved.

The added difficulty in modelling dispersion in the urban environment is mainly due to

the complexity of the boundary conditions associated with the three-dimensional shape

(topography) of the urban canopy. The interaction of the atmosphere with the urban

canopy leads to complex localised mean flow patterns and enhanced turbulence around

the buildings, where the majority of both sources and receptors of pollutants are

situated.

Simple analytical models such as the Gaussian solutions are applicable only to problems

with simple boundary conditions, i.e. sources near flat terrain and in a uniform velocity

field; these cannot be directly applied to the urban canopy. Simulating the localised flow

field around buildings is a particularly challenging problem; the study of the

aerodynamics of 'bluff-bodies' (obstacles with sharp edges) is very complex, even for
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simple isolated obstacles. Solving the wind field equations and the advection diffusion

equations is far from straightforward for such problems, and the flow field can be very

sensitive to the shape and relative configuration of the obstacles.

Urban atmospheric chemistry is another aspect of the complex transformations of

pollutants and forms an important part of urban dispersion. Seinfeld (1989) reviewed

the main chemical reaction mechanisms for urban air pollution, from ozone formation

and hydrocarbon chemistry, to urban aerosol composition, evolution and deposition.

Chemistry and other pollutant transformations are not considered further in this thesis,

since the emphasis is on the advection and diffusion (transport) aspects of urban

dispersion.

Thermal effects occur due to differential heating in the urban canopy and added heat

fluxes due to vehicle exhaust, and building surface reflectivity ('albedo'). Such effects

have an important influence on dispersion, by creating circulation patterns such as the

'heat island' and other convection patterns between building surfaces. Again, for

reasons of simplicity, such effects will not be considered further in this thesis.

2.3.3 Urban dispersion modelling scales

From a local scale and mesoscale urban modelling perspective, the urban canopy can be

modelled as a rough surface with an associated aerodynamic roughness (correlated to

the shape and arrangement of buildings in the city as a whole), and the effect of

localised flow within the urban canopy may be neglected. A flat rough surface is a

simple boundary condition to which a Gaussian model can be applied, provided that a

uniform or near-uniform velocity field can be specified over the city. Methods of

calculating a3, and cy can be modified to include the effect of enhanced turbulence over

the urban surface, as a function of atmospheric conditions. Traffic emissions can be

represented simply as area or line sources, in as coarse a scale as applicable. This

approach can be credibly applied to cities surrounded by flat terrain (e.g. London),

however even in such cases the velocity field is rarely uniform over distances exceeding

tens of kilometres.
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However, at the microscale level, such simplifying assumptions are not applicable.

Pollutants in cities are mainly emitted near ground level by vehicles, and within the

urban canopy dispersion is dominated by complex localised patterns of flow and

turbulence.

All dispersion modelling scales are involved in determining concentrations at any

particular point in the urban environment, especially since vehicle traffic is spread over

a dense and extensive road network, throughout the city. The concentration at any given

location within a city is the added effect of dispersion from all surrounding sources,

some nearby and more further away.

In the UK, a distinction is drawn between three types of urban air pollution monitoring

locations, in an attempt to quantify the relative contributions of near- and far-field

sources. 'Kerbside' and 'roadside' monitors are located near busy roads, and

'background' locations are situated in open spaces (or above the urban canopy) to

measure concentrations due to contributions from sources further away.

Munn (1981) proposed a broad classification of urban dispersion scales (Table 2-3),

along the lines of the general dispersion scales described previously in Table 2-1.

Urban scale definitions	 Horizontal length scale	 Time scale

Microscale	 0-lOOm	 seconds

Neighbourhood scale	 100-2000m	 minutes

Urban scale	 5-50km	 hours

Regional scale	 100-1000km	 days

Table 2-3	 Urban dispersion scales (as defined by Munn, 1981)

Hall et a!. (1996) proposed another way of defining dispersion scales applicable to the

urban environment, by considering the evolution of a plume within the urban canopy,

and comparing the width of the plume to the dominant length scale of the turbulence

around the buildings. Turbulence within the canopy is predominantly generated due to
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velocity shear around the surface of the buildings and flow separation, and its largest

scale L, is of the order of the building dimensions. Three dispersion scales were defined

as follows (illustrated in Figure 2-4):

(i) Plume width <<L: Near-field dispersion

Near the source, the plume has a width that is much smaller than L. As the thin plume

interacts with the much larger buildings, a wide range of potential dispersion scenarios

is possible; these are difficult to categorise accurately and reliably. Dispersion

behaviour is sensitive to a large number of variables; localised effects dominate

dispersion leading to strongly case-sensitive behaviour, and to a high level of spatial and

temporal variation.

(ii) Plume width - L: Intermediate scale dispersion

At some intermediate distance, the plume has dispersed sufficiently to encompass a

building or small group of buildings. Turbulence generated by the buildings influences

the growing plume and contributes to plume meandering. However the dispersion

patterns are less variable than those in the first case, and only the overall shape of the

buildings affects the rate of dispersion.

(iii) Plume width >> L: Far-field dispersion

A longer distance away from the source the plume is very broad, and concentrations

follow a near-Gaussian distribution. The turbulence scales of the PBL and surface

roughness, rather than turbulence generated by individual buildings, now dominate

plume growth.

These dispersion scales span the microscale and neighbourhood scales defined by Munn

(1981). As discussed further in 2.6.1, the 'far-field' dispersion scale corresponds to the

upper limit of Munn's 'neighbourhood' scale. The convention in this thesis from this

point onwards will be to use the near, intermediate and far field definitions by Hall et al.

described above together with the 'city' and 'regional' scale definitions by Munn.
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Figure 2-4 Urban dispersion scales defined according to Hall et al. (1996)

Dispersion models are usually applicable over only one, or a limited range of dispersion

scales, since the dominant physical mechanisms and assumptions at each scale are

different (as discussed above in 2.2.3). However, dispersion at any one scale is closely

linked with all others as part of a continuum, since phenomena at each scale co-exist

with, and influence, each other. Modelling dispersion at any given scale in isolation is a

significant approximation, and therefore, coupling models of different scales is a

desirable goal, though in practice it is usually very difficult to achieve. For example,

microscale models require the 'background' concentration calculated by urban and

regional scale models. Urban and regional scale models also depend on an accurate

characterisation of the macroscopic flow and dispersion features of a city that are

influenced by microscale effects (e.g. the aerodynamic roughness of the urban surface).

As discussed in Moussiopoulos (1999), in order to be able to 'nest' urban models at

different scales effectively, the understanding of the linkages between scales needs to be

improved.

2.3.4 The urban topography as a dispersion parameter

The shape of the urban topography is an important parameter in urban dispersion

modelling. In the near-field, localised flow and dispersion patterns are particularly
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sensitive to the shape and arrangement of buildings, and even in the far-field urban

topography parameters still affect the aerodynamic characteristics of the urban surface.

In dispersion studies, urban areas are usually represented as a regular array of buildings

or in terms of individual street canyons (streets with buildings on both sides). Arrays

and street canyons are typical features of the urban topography, and are useful

idealisations for representing the microscale dispersion effects in the urban canopy, on

which the vast majority of dispersion studies have been based.

Other ways of parametensing the geometrical features of a city have also been

proposed. For example, Theurer (1999) discusses methods of classifying urban areas

based on building dimensions and spacing, roof type (flat or slanted), and surrounding

vegetation and urban density. Urban planners and architects have also developed a

variety of geometrical parameters to describe the urban topography and topology. A

relevant example is the extensive study by Steemers et a!. (1997), in which a variety of

urban shape parameters are proposed and correlated to solar radiation effects, wind

comfort, and pollutant 'clearing efficiency'.

2.4 Modelling methods applied to urban dispersion

2.4.1 The range and types of urban dispersion models

A large number of urban dispersion models and experimental datasets exist, based on a

variety of methods, e.g. as can be found in the EU COST CITAIR database of urban

dispersion models (Schatzmann et al., 1996).

In this thesis, to avoid the confusion in the literature and to draw clear distinctions

between different types of modelling, dispersion models will be divided in the following

three categories:

a) experimental models: field experiments (around full-scale or scaled buildings), or

scaled simulations in the laboratory (using a wind tunnel or water tank).
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b) parametric models: mathematical models that express concentration values as a

function of a set of variables (parameters) and conditions.

c) computational models: models that solve the flow and dispersftn conservation (or

transport) equations numerically for any given boundary conditions, using either

Eulenan or Lagrangian approaches.

Table 2-4 summarises the main urban modelling approaches divided according to the

categories defined above. Some parametric models are complex and involve large data

sets of input parameters (e.g. for city-wide Gaussian plume model applications) and thus

require considerable computational resources. As a result they are often referred to as

'computational' or 'numerical' models in the literature. However, the distinction drawn

in this thesis between 'parametric' and 'computational' models is one of basic

methodology.

Different modelling approaches and model physics are applicable to each of the urban

dispersion scales (discussed in 2.2.3 and 2.3.3). Models can therefore be usefully

categorised according to the scale of their applicability, from 'large scale' to

'microscale' (Table 2-5).

By definition, any modelling method is a simulation of reality based on particular

assumptions, simplifications and approximations, and these determine the degree of

accuracy and uncertainty inherent in any type of modelling. This is a fundamental

consideration in deciding whether a particular method is appropriate for a given

problem and therefore, whether a particular model is 'fit-for-purpose', i.e. likely to

predict concentrations reliably over a required confidence level and under given

conditions.

There is much controversy on this subject, and model uncertainty is often very difficult

to evaluate. There are also significant differences in the predictions of different models,

even between those based on similar methodologies. Model 'harmonisation' or ensuring

a reasonable consensus of model output is an issue currently attracting much concern in

the dispersion modelling community.
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Experimental modelling

Measurements in the field under selected conditions:

Field experiments	 • at real urban sites

• around full-scale or scaled obstacles of idealised
shape or arrangement

Laboratory scaled 	 Wind tunnel experiments
experiments

Water tank experiments

Parametric modelling

• Experimental: based on the analysis of field or
laboratory based controlled experiments

Empirical correlations
• Statistical: derived from statistical analyses of air

quality monitoring data

Based on a combination of theoretical analysis and
empirical data:

Semi-empirical
• simple 'box' models

• urban canyon models

• urban array models

• Gaussian 'plume' models

Computational modelling

Lagrangian models	 Mesoscale trajectory models

Stochastic Lagrangian dispersion models

Eulerian models 	 Large scale grid models (e.g. EMEP, CIT, UAM)

RANS and LES Computational Fluid Dynamics (CFD)

Table 2-4	 Urban dispersion modelling methods: experimental, parametric and
computational
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Meso-scale	 Lagrangian trajectory models

Eulerian (meteorological and dispersion) models

Physical modelling (e.g. urban roughness, urban topography)

Urban and local	 Statistical modelling (e.g. correlation models, neural networks)

scale	 City-wide box models (e.g. CAR)

Gaussian plume models (e.g. UK-ADMS, CALINE)

Full-scale modelling (e.g. within urban canyons)

Micro-scale	 Physical modelling (e.g. array and canyon studies)

Canyon models (e.g. OSPM)

Array models (e.g. modified Gaussian plume models)

Computational Fluid Dynamics (CFD) modelling

Table 2-5	 Urban dispersion modelling approaches, meso- to micro-scale

Therefore, the choice of an appropriate methodology or particular model for urban

environment dispersion applications is a difficult decision, which is further compounded

by other considerations such as cost, limited available resources (experimental or

computational), time constraints, and limited or incomplete input data.

For example, in the absence of any well-defined consensus or criteria, the USEPA has

designated certain 'preferred' models, to be used for regulatory dispersion purposes.

Amongst these models, only one model is appropriate for urban applications, the

photochemical urban scale model UAM. Another model, CALINE, a Gaussian code

applicable to highway line sources on flat terrain, is also used for urban problems

although it is strictly not applicable within the urban canopy. In the UK, the Met Office

has provided a guidance manual (Middleton, 1997) to help Local Authorities with their

choice of (parametric) modelling methods for statutory local air quality assessment.
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Robins and Macdonald (1999) review and discuss in detail the limitations and prospects

associated with each of the main modelling methods applied to the urban environment.

A brief description and discussion of advantages and disadvantages of each of the main

urban dispersion modelling methods is presented in the subsections that follow.

2.4.2 Field experiments

Field experiments involve measuring the flow and concentration either directly in the

urban environment, or around idealised (and often scaled) obstacle shapes and

arrangements in the open country. The definitive difference between full-scale urban

dispersion experiments and urban air quality monitoring is that the former are conducted

under selected or controlled conditions in order to isolate particular aspects of

dispersion behaviour amidst the complex effects of many interrelated factors. For

example, measurements may be taken only for selected wind directions and atmospheric

conditions, during periods when traffic counts (and thus emissions) are nearly uniform,

or by releasing a tracer at a controlled emission rate for quantitative measurements or

visualisation purposes. Such carefully controlled field measurements can then form

suitable datasets for parametric and computational model development and evaluation.

Field measurements provide the most direct and realistic way of simulating dispersion

in actual urban environment and atmospheric conditions. However, the natural

variability found in the field also significantly complicates the process of understanding

and isolating particular effects of interest. Due to this inherent variability, measurements

must be taken over sufficiently long periods to draw statistically significant conclusions;

otherwise field measurements become a collection of ill-defined individual realisations,

of limited use for further model development and evaluation, due to the uncertainty

attached to each of the measurements (Scaperdas et al., 1999, Robins and Macdonald,

1999).

Quality field experiments are typically the most time-consuming and expensive of

available modelling methods. Long measurement periods are required, including

waiting for suitable meteorological and other conditions. There are also considerable

practical problems associated with the organisation and setting up of the experiments,
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such as instrumentation siting and calibration, measurement capture and automation,

and risk of damage to instrumentation due to vandalism or environmental hazards.

2.4.3 Laboratory scaled modelling

Laboratory scaled modelling is a key dispersion modelling tool. The majority of

dispersion studies (as well as urban studies) have been carried out in the laboratory, the

development of the majority of parametric models has been based on laboratory data

and considerable expertise exists in the field (e.g. Hall et al., 1996, Robins and

Macdonald, 1999).

Scaled modelling in the laboratory is carried out either in a wind tunnel or water tank,

and the principles and considerations described in this section apply to both types;

'wind tunnel' modelling will be used as the example. Scale modelling is based on

theoretical assumption that flow and dispersion around scaled obstacles is dynamically

similar to that at full scale (as discussed in more detail in Chapter 3).

Also, the more the mean incident wind velocity and turbulence conditions in the

atmosphere can be faithfully reproduced in the laboratory, the more will the flow and

dispersion behaviour measured around the scaled obstacles be similar to those measured

in the field. However, a faithful representation of the turbulence variability in the

atmosphere is difficult to achieve, and this is the main limitation of wind tunnel

experiments.

The compelling advantage of wind tunnel modelling is that conditions can be controlled

accurately and reproducibly. It is therefore much easier to control and assure the quality

of wind tunnel experimental data, in contrast to field experiments. For this reason, they

are generally considered the most reliable of available modelling methods, despite the

limitations in representing the full range of atmospheric phenomena in the wind tunnel.

The time requirement for wind tunnel experiments is also significantly less than that for

field experiments. Furthermore, as highlighted by Schatzmann et al. (1999), wind tunnel

results are averaged over sufficiently long periods of time (to give 'ensemble averages')

in marked contrast to typical field data, which are obtained during relatively limited
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sampling times due to the variability in wind direction and other meteorological

conditions.

Despite the considerable cost of operating and maintaining a wind tunnel facility, the

overall cost of wind tunnel experiments compares very favourably to that of field

experiments.

2.4.4 Parametric models

Parametric models express concentration as a mathematical function of a set of

governing, input variables. The functions defining a parametric model may be either

based on experimental data (empirical), analytical solutions or a combination of the two

(semi-empirical). For example, Urban Gaussian plume models are semi-empirical

parametric expressions. The mean concentration downstream of a continuous passive

source over a flat rough surface (a city) is determined by functions of the form:

C=fi (x,y,z, h,ci,cr,Q,U)

O =12 ( x, z,, stability class)

aZ =f3(z z0, stability class)

where f1 is derived from an analytical solution of the advection-diffusion equation, f2

and f3 are functions derived from considerations on the physics of the problem (e.g.

dimensional analysis) and empirical constants are derived based on field experimental

data. There are many other parametric models used for urban near-field dispersion,

mainly urban canyon models. Some of these are described in detail in sections 2.5.2,

2.6.2, 2.7.2 and 2.8.2.

Parametric models are the simplest and most straightforward method of all dispersion

modelling methods, even though they some involve a large number of input data (e.g.

when calculating time series from variable input data or Monte-Carlo type statistics) and

may require considerable computational resources.
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The design and development of any parametric dispersion model is based on identifying

the important parameters in a given dispersion problem, and deriving appropriate

mathematical expressions for calculating concentrations. Ideally, this is based on a

fundamental theoretical understanding, but due to the complexity of flow and dispersion

in the urban environment, especially in the near-field, parametric models often have to

be based on empirical correlations or case-specific simplifying assumptions that limit

the applicability and confidence range of the model.

There is a clear-cut dichotomy in the literature between 'statistical' models and other

parametric models, and in this thesis only the latter will be considered further. Statistical

(also sometimes referred to as 'stochastic') models are based on a purely statistical

treatment of air quality monitoring data, alongside limited information on

meteorological and traffic conditions, with virtually no theoretical input. There are

many different statistical treatments used, such as traditional regression statistical

methods (as described in Berlyand, 1991), or non-linear 'neural network' analyses

which are now gaining popularity (e.g. Gardner et al., 1999). Correlations based on a

selected set of variables can be 'tuned' to be very good, e.g. for predicting

concentrations in an urban canyon at a particular site, based on traffic count and simple

meteorological data. These are the models of choice for the daily urban air quality

predictions by the UK Met Office, and data analysis by air quality monitoring

organisations such as SEIPH, which manages the London air quality network (SEIPH,

1996).

Although statistical models can be useful and appropriate for particular applications,

they are nevertheless extremely case-specific. Even if the statistical analysis were to be

perfect (of a high statistical confidence level), there are far more variables involved in

practice than are usually accounted for. Typical examples of neglected parameters

include near-field effects due to details of the urban topography, and variations in

emission factors, e.g. due to introduction of a new clean technology, such as catalytic

converters. As a result statistical models should be expected to break down when the

conditions on which the model was based change, e.g. when applied to a different city

or indeed in different locations within the same city, or to predict future scenarios
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2.4.5 Gaussian models

As described above, Gaussian plume models are a sub-set of parametrical models. They

are discussed separately because they are particularly popular and an 'approved' method

by organisations such as the USEPA. There are numerous Gaussian plume models

available, e.g. UK-ADMS (Carruthers et a!., 1994), USEPA models CALINE (Benson,

1992) and AERMOD (under development), and NRPB-R91 (Clarke, 1979).

Gaussian plume models are used to calculate concentrations over an urban scale, by

summing the contributions from the numerous traffic sources along city streets.

Gaussian models are not applicable to near-field dispersion in the urban canopy, due to

the complex boundary of the urban topography and the localised flow and turbulence,

which invalidate the fundamental theoretical assumptions on which Gaussian models

are based (as discussed above in 2.2.2). Gaussian plume models should therefore only

be used to calculate 'background' concentrations, above the urban canyon and at scales

larger than the neighbourhood scale (defined in 2.3.3). They are also not directly

applicable to larger scale modelling (macroscale) due to the spatial non-uniformity of

the velocity field over larger distances, and the different assumptions applicable to

calculating turbulent mixing and thus pollutant spread at that scale.

The performance of a Gaussian model depends on an appropriate selection of plume

spread functions a,,(x) and a(x) and the quality of the input emission and

meteorological data. Expressions for c, and a7 typically depend on meteorological

conditions, the urban surface roughness and distance from each source.

Meteorological conditions are crucial in calculating cy and a, and are generally

expressed in terms of atmospheric stability classes (as for example the Pasquill-Gifford

stability classes (Gifford, 1972) or in terms of the Monin-Obukhov similarity theory

parameters (Carruthers et al., 1994). The later approach embodies an improved

representation of atmospheric conditions and is used in so-called 'second generation'

improved GPMs, such as UK-ADMS and AERMOD. With these models the plume

spread functions are height dependent, reflecting profiles of turbulence within the

atmospheric boundary layer.
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Gaussian plume models are particularly popular and are used in a variety of urban

dispersion models because of the relative simplicity and the ease with which additional

effects due to source buoyancy, atmospheric conditions, deposition, and surface

roughness can be included by modifying expressions for a and c. Also, although the

basic Gaussian plume models calculate time-averaged concentrations over time scales

from about 10 mm to an hour, time-averages for longer time-scales can be derived. For

example, statistical or meteorological time series data can be used, to predict annual

mean concentrations and percentiles, or worst case scenario concentrations.

Hilly/rough terrain
effects

Input

meteorological data
emissions data

Radioactive decay

Building effects

ADMS

Control

Program

Gravitational settling

Coastline effects

Output

plume spread, mean
concentrations and
fluctuations, y-dose

Wet and dry
deposition

Figure 2-5 Components of the UK-ADMS Gaussian plume model

Regulatory and commercially available GPMs tend to be particularly sophisticated and

include many modular 'add-on' features as illustrated in Figure 2-5, using the

UK-ADMS model as an example. UK-ADMS in particular, also includes an 'urban

effects module' for modelling concentrations within the urban canopy. This module is

an urban canyon parametric model (based on OSPM, described in 2.7.2); concentrations

within a canyon are calculated on a post-processing basis, using the 'background'

above-canopy concentration supplied from the core GPM calculations. This is a

powerful method of integrating far-field Gaussian models with near-field models for

urban applications.
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2.4.6 Computational models

Computational models are based on the numerical solution of the conservation/transport

equations of flow and dispersion, expressed either in Lagrangian or Eulerian form. The

Lagrangian approach is based on a moving frame of reference that follows an air

'parcel' moving with the flow. The Eulenan approach is based on a fixed frame of

reference, and the flow is described uniquely at every point by vector and scalar

quantities (e.g. velocity and concentration, and other state variables, such as pressure

and density).

Lagrangian models

Lagrangian models are mainly applied to dispersion modelling by following a column

of polluted air as it is transported along mean flow paths or 'trajectories'. Pollutants are

introduced into the column as it passes over various sources. Once within the column,

pollutants disperse and may become chemically transformed, and finally leave the

column by deposition along the length of the column's path. This is an approach that is

particularly suitable for long range dispersion where the dominant dispersion

mechanism is horizontal advection, and vertical mixing over the height of the PBL.

Lagrangian models are also typically used for dispersion modelling with an emphasis on

chemical and physical transformation. Examples of Lagrangian dispersion models

applied to urban air pollution problems include the urban scale London Plume Model

(Hough and Derwent, 1987), and the EMEP model (Tsyro, 1998) which includes a

representation of ozone and PAN chemistry due to urban emissions over a Europe-wide

scale.

Flow trajectories are calculated either using meteorological measurements or weather

prediction meteorological models. No lateral diffusion across the sides of the column is

included, and concentrations are assumed uniform (fully mixed) over the height of the

column, taken equal to the height of the PBL. Photochemical Lagrangian models

typically split the column of air into two layers to provide a more realistic description of

diurnal variations in the PBL depth, and to describe differences in day-time and

night-time photochemistry (e.g. the HPTM model described by Derwent and Jenkin,

1991). The trajectories are either followed forward in time ('source oriented'), or
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backwards in time ('receptor oriented') which is a particularly useful tool in tracing

particular 'culprit' sources contributing to pollutant episodes at large distances.

The weaknesses of Lagrangian models follow directly from the basic assumptions on

which they are based. The assumption of uniform concentration over the entire column

depth is a serious limitation in many Lagrangian models, though some include a more

sophisticated treatment of vertical mixing. Lagrangian models can also be particularly

sensitive to rapidly diverging flows, and are not suitable for flows in which advection is

strongly three-dimensional (e.g. in sea and land breezes at coastal urban areas). On the

other hand, Eulenan models provide a three-dimensional treatment and are thus

generally a more suitable approach; for example, weather prediction models are

Eulerian. However the compelling advantage of using Lagrangian models is that it they

require far less computational resources than Eulerian models.

There is another type of Lagrangian models used for dispersion modelling applications,

which are distinct to those described above. Usually referred to as 'stochastic'

dispersion models, these simulate the dispersion of a large number of particles by

tracking their motion along mean flow paths, using a statistical treatment of turbulent

mixing; the concentration is calculated by counting the number of particles at any given

position. An example of such a model is given in Rotach et al. (1994).

Eulerian models

Eulerian models solve the flow and advection-diffusion equation in a fixed frame of

reference. The flow domain is divided into boxes (or 'cells') and the transport terms in

the equations are represented by fluxes through the boundary of each box. Such models

are also called 'gradient transport' models, since the transport terms are expressed in

terms of spatial (and temporal) gradients of velocity and concentration.

Eulenan models are applied to urban applications spanning all dispersion scales; a few

examples of such models are described here briefly. Computational Fluid Dynamics

models (discussed in more detail below) have been used for modelling the near-field

dispersion around individual buildings. The USEPA-approved Urban Airshed Model

(UAM) is a photochemical Eulerian model used for city-scale applications (e.g. Scheffe,
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1990). The California Institute of Technology (CIT) model is a mesoscale

photochemical model for a domain size up to 300 km and a horizontal grid resolution of

a few kilometers. The CIT model has been used to model photochemical smog in Los

Angeles, USA (Harley et al., 1993) and Athens, Greece (Giovannoni and Russell,

1995).

Computational Fluid Dynamics modelling

Computational Fluid Dynamics (CFD) modelling is a term used to describe the analysis

of fluid flow, mass and heat transfer, and associated phenomena (such as chemical

reactions), using sophisticated numerical methods for solving the (Eulerian) equations

of flow, mass and heat transfer, and other associated equations.

Although the fundamental principle of CFD is the same as the other Eulenan models

described above, CFD codes were mainly developed for engineering applications that

typically involve very complex shaped wall and other boundary conditions (e.g. aircraft

and automobile aerodynamics, turbomachinery design, chemical process engineering).

The capability of CFD codes to deal with complex boundary conditions with the use of

flexible and fine-scale grids is what distinguishes them from larger scale, simple grid

Eulerian models, and what makes CFD the only computational model applicable to

microscale, near-field urban dispersion applications.

A detailed description of the underlying theory and methodology of CFD is given in

Chapter 4. CFD modelling is typically divided into the following categories:

a) solving the Navier-Stokes equations directly, for the entire flow field (Direct

Numerical Simulations, DNS), or for part of the flow (Large Eddy Simulations,

LES)

b) or, solving the Reynolds Averaged Navier-Stokes flow equations (RANS

simulations) with the use of 'turbulence model' approximations for turbulence

'closure' (such as the standard k-c model, ASM and RSM models)
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The accuracy of the predictions of each method is inversely related to4 'egree of

approximation introduced. However, the cost in terms of computational resources is

very high for DNS and LES simulations, which typically require large amounts of

supercomputer time and, at present, are undertaken only for the purposes of academic

research. RANS solving CFD methods with turbulence models are much less

demanding, and are therefore widely used for practical applications.

The focus of this thesis in on RANS solving models and the k-e turbulence model in

particular, which was used in this work. The performance of this type of CFD modelling

is case-sensitive and subject to significant uncertainties, especially when applied to

complex 'bluff-body' aerodynamics problems. Such problems pose a significant

challenge to turbulence models due to the severe adverse pressure gradients, streamline

curvature, separation and re-attachment phenomena involved. Therefore, careful

validation of CFD simulations against wind tunnel modelling is necessary. A good

approach is to combine CFD studies with wind tunnel experiments (Robins and

Macdonald, 1999), and this was the strategy adopted in this thesis.

CFD is becoming increasingly popular in the dispersion modelling community. A

review of CFD studies related to near-field urban dispersion is presented in Sections

2.5.3, 2.6.3, 2.7.3 and 2.8.3. The applicability and uncertainties associated with CFD

computational modelling applied to near-field dispersion around buildings have been

recently discussed in a review by Hall (1996a); these are discussed briefly below, as a

preamble to the more in-depth discussion in Chapter 4.

Compared to experimental modelling (e.g. wind tunnel or field experiments), CFD has

advantages and disadvantages. An important advantage of CFD is that it provides output

for a wide range of parameters over the entire flow domain. Experimental

measurements are limited to a modest number of points at a time, and certain

measurements may be very difficult to make in practice (e.g. detailed flow

measurements within confined spaces of the urban canopy). CFD can also deal with any

complicated boundary conditions that can be difficult to simulate in the wind tunnel

(e.g. differential surface heating effects in urban canyons). The computational resources

and facilities used for CFD modelling are also generally less expensive than those for a
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wind tunnel or field study, though a quality CFD study may prove to be much more

time-consuming than an experimental study.

2.4.7 Previous studies relevant to urban dispersion modelling

The subsections 2.5 to 2.8 below form a review of studies related to, and relevant to,

urban dispersion modelling. The review is organised around previous work on:

a) isolated buildings, b) groups and arrays of buildings, c) urban canyons, and d) urban

canyon intersections.

Near-field urban dispersion, in particular, is dominated by the details of the localised

mean flow and turbulence within the urban canopy, and the relative positions of sources

and receptors of pollutants. Therefore, understanding the localised flow and dispersion

patterns, and identifying and quantifying 'source-receptor' relationships within a variety

of urban geometries form the basis of near-field modelling. For this reason, each of the

subsections below begins with a detailed description of the existing understanding of

localised flow and dispersion. This is followed by a description of available parametric

models, and a review of relevant CFD studies.

2.5 Isolated buildings

23.1 Flow and dispersion studies on isolated buildings

A number of wind tunnel studies have been carried out on surface mounted cuboids in a

neutrally stable boundary layer (e.g. Castro and Robins (1977), Hunt et al. (1978)).

Even for this simple building geometry, the flow patterns (and associated dispersion

behaviour) are particularly complex. Figure 2-6 from Hunt et al. (1978) illustrates the

mean flow patterns around a building at normal incidence.

The features in the flow around any surface mounted obstacle vary considerably with

the shape and orientation of the obstacle. However, certain general mean flow patterns

(and associated flow regions) can be identified:
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a) undisturbed flow

b) flow displacement

c) separated flow ('roof-top', 'side', and 'near' wakes)

d) momentum deficit region ('far' wake)

e) the ground-based horseshoe vortex

1) roof-top trailing vortices (generated around building edges at an acute angle to the

incident wind direction).

INCIDENT WIND
PROF ICE

REATTACHMENT LINES
ON ROOF AND SIDES

LATERAL EDGE AND
ELEVATED VORTEX PAIR

•-.__ MEAN CAVITY
LINE

HORSESHOE VORTEX
SYSTEM AND MEAN
SEPARATION LINES

TURBULENT
WAKE

Figure 2-6 A three-dimensional illustration offlow patterns around a cuboid
shaped building at normal incidence (from Hunt et a!., 1978)

These are illustrated schematically in Figure 2-7 (Hall et al, 1996). Each of these flow

patterns is described in detail below to provide the context for describing the dispersion

behaviour around buildings, and the principles on which dispersion modelling methods

are based.
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Figure 2-7 Schematic 3-D illustration of main flow features around a building
(reproduced from Hall et a4 1996)

Flow displacement

Mean streamlines in the approach flow are deflected over the building, coming closer

together towards the top of the building (flow acceleration). Streamline displacement

may cause an upwind source plume to be carried over the building avoiding

contamination of the building, or cause increased ground-level concentrations by

forcing an elevated plume trajectory over the building towards the ground ('building

downwash').
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Separated flow

'Separated flow' regions occur where the flow detaches from the surface of the

building, forming a re-circulating turbulent wake. Separation typically happens at the

downwind side of the edges of a building. Separated flow regions are thus formed at the

roof top, at the sides of the building, and immediately downstream of the building (near

wake). Flow that has separated at the upstream edges of the roof can either re-attach

forming distinct roof top and lateral separation 'bubbles' (as shown in Figure 2-6 and

Figure 2-7), or a continuous re-circulation region merged with the downwind near wake.

This depends on the geometry of the building (e.g. the length of the roof) and the details

of the turbulence in the approach flow.

The re-circulating flow in these regions is characterised by low mean velocity

circulations, and intense turbulence, leading to high rates of mixing throughout.

Pollutants emitted into such regions become trapped inside as there is limited exchange

with the air outside. This can give rise to high concentrations, retained inside the region

over a relatively long time.

The 'near' wake re-circulation is the most extensive of the separation regions. It is not a

closed bubble, but material is periodically rolled up and ejected laterally (Hunt et al,

1978). The dimensions of the wake have been measured in several wind tunnel studies

and an empirical fit of these experiments for the length xr of the near-wake is given by

Fackrell (1984a):

1.8
H 2-6

- I1+O24'
H - ( L 

)O.3

H	 H)

where W is the width, H the height and L, the length of the building.

Far wake momentum deficit region

Beyond the near re-circulation region is the far wake, which is characterised by

streamline divergence and momentum deficit. Turbulence is less intense than in the

separation regions, but is enhanced compared to the approach flow and decays only
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gradually with distance. Enhanced turbulence in the far wake leads to greater rates of

dispersion downwind of buildings, to considerable distances away: 3-6H for narrow

buildings and 1O-30H for wider buildings (Peterka et al, 1985).

Ground based horseshoe vortex

A complex re-circulation pattern forms at the ground around the upwind faces of

buildings (Figure 2-7). This is driven by the vorticity in the approaching boundary layer

(due to the vertical shear) which causes the flow to curl downward on the upwind face,

and roll around the sides of the building. The vortex becomes stronger the higher the

building, as increased amounts of vorticity are intercepted by the upwind face of the

building. The existence of the horseshoe vortex is critically dependent on the upwind

flow stagnating on the upwind face of the building. If the wind impinges on the edge of

an obstacle instead of a face (e.g. for a wind direction at 450), the stagnation point

cannot remain on the edge since the flow tends to flip from side to side with 'vortex

shedding' on alternate sides. Also, if the building is sheltered by another obstacle

upwind, the vortex becomes weaker.

The importance of the horseshoe vortex in dispersion modelling is that it can transport

material rapidly with little dilution, e.g. bring elevated plumes rapidly to the ground. It

can also spread contaminants laterally around the building instead of over the building.

The resulting lateral spread can be significantly larger in width than the separation

region behind the building (Hall et al., 1996).

Roof-edge traffing vortices

Vortices are shed from the sharp edges of a roof at acute angles to the wind direction,

due to the separating shear layers from these edges (Castro and Robins, 1977). Their

strength depends on the length of edge, the angle of incidence, and the cross-sectional

shape of the building. Rounded corners suppress vortex generation and low wide

buildings (W/H>lO) tend to give a single or dominant vortex. The strongest trailing

vortices occur at angles of about 30°. Weak vorticity is associated with angles greater

than ±60°. When trailing vortices are strong they also tend to be particularly persistent.
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For simple rectangular buildings there are two edges that can shed trailing vortices, and

at least half of all the wind directions can be expected to generate significant trailing

vorticity. Vortices usually occur in pairs, though one vortex can be stronger than its twin

and persist longer (Hall et al., 1996).

Trailing vorticity can have a strong influence on plume paths, by bringing a plume to

the roof or the ground very rapidly, and with little dilution.

Flow regions and dispersion source-receptor relationships

The near-field concentrations around a single building depend on the position of the

source with respect to the various flow regions described above, and the localised plume

paths from the source to a variety of receptor points. Modelling near-field

concentrations therefore relies very much on source position, identifying the various

'source-receptor' relationships, and then quantifying them with a parametric model.

Near-field dispersion studies on a variety of 'source-receptor' relationships around

single buildings are reviewed in detail in Colvile et al (1997), and will be described

briefly below.

Upwind sources

For sources upwind of the building, the plume may either:

a) be deflected upwards or at the side by the flow displacement zone of building,

b) impinge on the upwind face or pass close to the building without impinging and

subsequently be entrained into the near-wake re-circulation area,

c) or be deflected downwards in the far wake displacement zone (building downwash).

Plumes that impinge on the building can be entrained into the upwind re-circulation

region, swept round the building into the near wake, or into the horseshoe or trailing

vortices which may bring the plume rapidly to the ground.
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For impinging plumes, Wilson and Britter (1982) derived an upper bound to the

maximum concentration on the building, equal to the undisturbed plume axis

concentration, using a simple theoretical argument. This is supported by the wind tunnel

experimental results of building surface concentration patterns by Wilson and

Neuerville (1978). In wind tunnel work presented in Hall et al. (1996), large variations

in the surface concentration patterns were found, depending on source distance and

wind direction. Thompson (1993) used wind tunnel data to define 'building

amplification factors' (ratios between the maximum concentration in the presence of the

building and the maximum ground level concentration in the absence of a building).

Sources on the building

For sources on the building (surface vents and low roof stacks), Wilson and Britter

(1982) offer simple design guidelines for determining a non-dimensional upper bound

to concentration levels on the surface of a building, B, on the basis of the theoretical

consideration that:

B _ç,_uj11 1
max—	 U,ri

where C is the maximum concentration, r is the shortest distance through the air from

source to receptor over the surface of the building, i is the turbulence intensity normal

to the plume axis, U is a local mean velocity, and UH is the approach free stream

velocity at roof top. The value of B was determined from an ensemble of concentration

measurements from a large number of wind tunnel experiments with a variety of source

and receptor positions. The value of B, applicable to most source-receptor pairs was

B=9, with the exception of sources and receptors on the lowest 1/3H of the upwind

building face, for which B=3O (a high value attributable to entrapment of the plume

into the horseshoe vortex round the building).

Wilson and Chui (1985, 1987 and 1994) carried out an additional series of wind tunnel

studies, and a full scale validation was also done by Wilson and Lamb (1994). Using a

similar approach to that above, additional empirical relations were derived for elevated

2-7
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sources on a building (e.g. stacks on buildings), covering the cases when the stack is

inside or outside a roof top re-circulation area.

Sources in the near re-circulation wake

Pollutants emitted inside, or entrained from outside plumes into the near-wake may

remain in the re-circulation bubble over a relatively long time (the 'residence time'),

and due to intense mixing they become spread over the entire wake region. A simple

box model can be used to calculate the uniform concentration, C, within the wake due

to a continuous point source inside the wake, of strength Q. in terms of the dimensions

of the wake (volume, V, and surface, A) and the rate of exchange of pollutants at the

interface of the cavity ('entrainment' or 'ventilation' rate) a, as follows:

C-
- a AWUH
	 2-8

The residence time, 'r (the time taken for the concentration to fall by lie of its initial

value) is related to a via:

vw

aAU 11
	 2-9

The residence time has been measured experimentally in a number of studies (e.g.

Vincent, 1977 and 1978, Hunt and Castro, 1984, Fackrell, 1984a). An approximate fit of

the experimental results (Fackrell, 1984a) is given by:

- 11(W1H)'5
VW 

[l-i-O.6(W/H)15]

However, to model concentrations from sources and receptors inside the wake, a direct

plume contribution must be added to the uniform re-circulation concentration mentioned

above. Wilson and Britter (1982) proposed a 'two part diffusion' model; this uses

Equation 2-7 with B,=9 to calculate the upper bound direct plume contribution close

2-10
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to the source (i.e. for r-sJ4 ^ 1.73), and Equation 2-7 to estimate the uniform

re-circulation concentration throughout the wake.

2.5.2 Dispersion models for isolated buildings

Empirical correlations

The simple empirical correlations of Wilson and co-workers described above, can be

used for estimating maximum concentrations on buildings due to plume impingement

from upwind sources, and from sources on the building (vents or stacks) or in the near

wake.

Wilson and Britter (1982) highlight the difficulties inherent in seeking to develop

simple source-receptor empirical correlations for the near-field dispersion around

buildings. Such correlations have an inherent uncertainty factor of 2 to 5 for the

concentration, mainly due to the sensitivity of receptor concentration to small shifts in a

thin plume trajectory from a point source. The error in predicting local concentrations

may be a factor of 10 or more when the influence of nearby structures and local terrain

are taken into account. With this level of uncertainty, it is argued, it is not necessary to

develop very complicated models for the interaction of the building with the

surrounding flow.

Modified Gaussian plume models

Gaussian plume models can be modified to model dispersion downwind of buildings,

beyond the near wake of the building. The main modifications used are to increase a

and a to account for the enhanced plume spread due to building generated turbulence,

and to use a reduced 'effective' stack height to represent the effect of building

downwash. Enhanced a and a methods are usually employed when the source is

below the building roof level, whereas effective stack height methods are typically used

for stack releases above roof level.

Simple methods for estimating a and a downwind of buildings were reviewed by

Fackrell (1984b) and include:
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1. assuming that the plume has originated from a 'virtual origin' upstream of the

building at x0: a'(x)= a(x+x0 ) (models by Turner, 1979, and Barker, 1982)

2. increasing a), and a by a fixed amount downstream: a'(x)= a(x)+a 0 (Ferrara and

Cagnetti, 1980)

where x0 and c are functions of the width and height of the building.

A simple approach to modelling an effective stack height (Robins and Macdonald,

1999) is to assume that at roof level the source has a zero effective height, while the

effective height of the stack above a limiting height hum remains unaffected. Using a

linear interpolation between these values, the effective height rules can be expressed as

follows:

for h^hlim:	 heff I hijm (hJJ)/(hjjnrH)	

}	

2-11

for h>hlim:	 heff= h

where hum is a function of the building dimensions and wind direction; a value usually

adopted as a practical rule of thumb is 2.5H.

ADMS 'building effects' module

The 'building effects module' used by the Gaussian plume model ADMS (Apsley and

Robins (1994), Robins et al. (1997)) is a more sophisticated and comprehensive

approach for representing plume dispersion affected by buildings. It accounts for the

differences in dispersion behaviour in five 'sub-regions' around a building (as defined

in Figure 2-8 by using a set of specialised 'sub-models' applicable to each region, and

matched with each other in a consistent way.

A single building or group of buildings of arbitrary shape and oriented at an angle 9 to

the incident wind direction is represented in the model by a simplified 'equivalent'

rectangular building; oriented normal to the incident wind direction. The actual incident
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wind angle 0 is nevertheless stored, and used later to determine the mean streamline

deflections in the wake.

I
I	 E

A	 I

a -------------------I
I	 E	 I

A

Figure 2-8 The regions around a building as defined in the ADMS building effects
module (from Carruthers et al, 1994)

Sources in the upwind region are assumed to impinge on the building, which is

modelled by assuming that the material is subsequently entrained into the near wake.

The concentration in the near wake is assumed uniform, due to efficient turbulent

mixing in the wake. It is calculated by a simple mass flux balance across the near wake

surface, in terms of the wake dimensions, the source strength Q of a source inside the

wake region (or the rate of pollutant mass entrained into the wake from outside), and a

ventilation time scale t. The near-wake region dimensions and the ventilation time

scale are calculated on the basis of the wind tunnel empirical expressions described in

2.5.1.

In the wake area, the path centreline, advection speed, and spread of a plume are

modified by a detailed analytical model of the flow field perturbations due to a building,

based on Coumhan et al (1974). The plume path centreline follows the deflected

streamlines within the wake region, the plume advection speed is reduced to account for

the velocity deficit in the area, and the plume spread within the wake region is modified

to account for the enhanced turbulence and the effect of streamline convergence.
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In the surrounding region S, the plume spread is not modified, but the plume centreline

is displaced by the mean streamline deflections, which are calculated empirically over

the building, and analytically downstream as a strong function of the building

orientation 0. The external region, E, is modelled in conjunction with the main wake

region W, since the decay of the main wake generates secondary flow in region E, and a

plume in either region will extend into the other.

—
— — —

Wsk. '\.___ — — — — — —
— — — I

Figure 2-9 An illustration of the 'double plume' method used in ADMS
(reproduced from Carruthers et a!, 1994)

The coupling between sub-models in the sub-regions is such to ensure consistency of

the concentration values at the boundary of each region, and mass conservation for the

material apportioned between each region. A fraction £ of the mass of pollutants from

elevated and laterally displaced sources in region S is assumed to become entrained into

the near wake N. This material entrained into region R is then re-emitted into regions W

and E as a plume of source strength £Q, and a virtual origin at ground level used to

account for initial mixing over the lateral and vertical extent of the near-wake. The rest

of the material, Q(1-E), is assumed to disperse as a Gaussian plume from the original
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source position. This 'double plume' approach is illustrated in Figure 2-9 for a stack

source above the building.

The performance of the ADMS building effects module is discussed in Robins et at

(1997), and Robins and Macdonald (1999), by comparison to sets of observations; these

indicated that the model was broadly accurate within a factor of 3.

2.53 CFD simulations on isolated buildings

There are many CFD studies on flow and dispersion around isolated buildings, the vast

majority of which focus on the 'benchmark' problem of the three-dimensional, surface

mounted cube.

Murakami and Mochida (1988) carried out a detailed study considering seven cases of

flow around a cube using the k-c model. It was concluded that the mean velocity and

pressure fields could be predicted well, given a sufficiently fine mesh resolution.

However, the turbulent energy predicted by the k-c model at the upwind face and in the

wake of the building was not in such good agreement with the experimental

measurements. In a subsequent study, Murakami et al. (1992) compare velocity,

pressure field and wind force predictions of k-c, Algebraic Stress Model (ASM) and

Large Eddy Simulation (LES) modelling results. Shortcomings of the k-c model

predictions due to the isotropic eddy viscosity assumption were highlighted, and

contrasted to the improved results obtained with ASM, and the clearly superior

performance of the LES.

Other examples of studies comparing k-c predictions of the flow field around a surface

mounted cube to wind tunnel data, include those of Zhang et al (1993) and Delaunay et

al. (1995). Lakehal and Rodi (1996) used a two layer approach to simulate near wall

regions using the k-c model, which was found to perform better than the standard

approach in predicting the extent of the re-circulating bubble over the roof. Erhardt et al

(1 999a) studied the performance of various non-linear k-c models in predicting the flow

field around a cube; the results were inconclusive, with some features of the predictions

being improved and others worsened.
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An important forum for CFD modelling inter-comparison are the regular 'workshops'

organised by the European Research Community on Flow, Turbulence and Combustion

(ERCOFTAC). These meetings have the purpose of encouraging CFD users to provide

predictions for a wide range of benchmark flows, obtained with the whole spectrum of

turbulence modelling methods, from standard k-c, to LES and DNS. The flow over a

surface mounted cube featured recently as a test case; Hanjalic et al. (1998) give an

up-to-date summary of the comparison of the performance of the main CFD modelling

methods available. As found in previous studies, the standard k-c simulations with wall

functions produced excessive turbulent kinetic energy at the upwind face of the

building, leading to weak separation and re-attachment on the roof, contrary to

experiments and LES simulations. Also the size of the re-circulation region in front of

the cube was smaller, and that of the near wake region larger. Improvements due to the

use of two-layer models were marginal and inconsistent. As expected, the LES

simulations showed generally superior predictions than the RANS simulations; however

the CPU requirement of the LES simulations was 640 times greater than those of the

standard k-c with wall functions, and 26 times more than that for two-layer simulations.

A test case involving an array of cubical obstacles was also studied as part of that and a

subsequent workshop, and is described in section 2.6.3.

Delaunay et al (1996) carried out simulation of gas dispersion around a cube, using the

main linear k-c variants (standard, RNG and Chen) and RSM models, and compared

them to wind tunnel data. The results indicated that an RSM approach was necessary to

predict the re-circulating flows on the roof correctly, in which case the dispersion was

also found to agree with experiment. Zhang et al (1996) also modelled dispersion

around a cubical building using k-c, with a focus on modelling the effect of variable

atmospheric stratification (range of Froude numbers from 1 to co). Experimental and

CFD results agreed reasonably well and the effect of the stratification on both was

insignificant under weakly stratified conditions (Fr>3). However, poor agreement found

between simulations and experiment for strongly stratified flows.

An example of a CFD study applied to a practical dispersion problem involving an

isolated building is the early work by Benodekar et al. (1987). To predict flow and

dispersion in the vicinity of an isolated reactor building, they developed a new
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methodology based on the use of the standard k-c model, but with a modification to the

transport equation for the scalar to include anisotropic eddy diffusivities. Also to avoid

using excessive mesh refinement near the source, an analytical Gaussian solution was

used in the near-field to trace the development of the plume from the source to the edge

of the roof. Passive releases in neutral and stable flows were considered, complementing

a previous study on buoyant releases (Benodekar et al., 1984). In the case of the

complex reactor building, plume concentration predictions in the wake region agreed

with experimental data at best within 30%, and at worst within a factor of 2.

2.6 Groups and arrays of buildings

2.6.1 Flow and dispersion studies on building groups and arrays

Groups of buildings

Although there is much information on isolated buildings of idealised shapes, flow and

dispersion behaviour around groups of buildings is less understood. Studies on groups

of buildings cover a wide range of building arrangements, from case-specific studies of

industrial or urban groups of buildings, to investigations of idealised regular arrays of

obstacles, as reviewed in detail by Hall et al. (1996), and Robins and Macdonald.

(1999).

The flow field around a group of buildings is a complex, and also a sensitive function of

the distance between the buildings, the shape of the individual buildings, and their

arrangement relative to each other and to the incident wind direction. Hosker (1984)

reviewed studies on small groups of buildings. Hosker and Pendergrass (1987) studied

the near-field flow and dispersion around groups of 3 to 5 buildings. They described

areas where the flow was channeled, diffused, deflected, displaced, accelerated,

stagnated or re-circulated. Dispersion behaviour was also found to be particularly

variable, with high concentrations due to sources within poorly ventilated and stagnant

flow areas (e.g. within enclosed courtyards), and much lower concentrations in areas of

high mean advection and turbulent mixing (e.g. in open areas and streets aligned with

the flow, where there was direct penetration of the external wind flow within the group).
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The distance between buildings is an important parameter and a widely used criterion

for classifying flows in building group and arrays (e.g. the classification by Hussain and

Lee (1980) described in detail later). When buildings are sufficiently widely spaced, the

flow around the group can be understood in terms of the interaction between the flow

fields of each individual building. When the spacing between buildings is much larger

than the extent of each building's wake (e.g. for separations of S=1O-20H) the mean

flow fields around each individual building may be simply superposed (Robins and

Macdonald, 1999), although turbulence from upstream buildings may significantly

enhance dispersion around downstream buildings (e.g. by a factor of 2-10, as quoted by

Wilson and Chui, 1987). Conversely, when buildings in a group are closely spaced

together, flow features in the surrounding region of the group resemble those around a

single large obstacle, whereas flow within the group is relatively stagnant.

A concept developed in the wind engineering field for quantifying the extent and

importance of building interactions is the 'area of influence', the area within which the

presence of an obstacle will affect the flow around another. Cook (1985 and 1990)

reviews aspects of multiple building flow interactions and describes procedures for

estimating the influence of one building on another.

Arrays of buildings: flow field studies

There is a noticeable divide in the dispersion modelling literature between studies of

small groups of buildings and extended groups of buildings ('arrays'). An array is

typically defined as an ordered extensive group of buildings, containing at least 3 to 5

rows of buildings which are sufficiently close together for their wakes to interfere

(Robins and Macdonald, 1999).

Flow field studies

The flow within an array of buildings may be divided in three broad types, by

considering the aerodynamic interactions between the constituent buildings, as

described by Hussain and Lee (1980) and illustrated in Figure 2-10 (Oke 1988):
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a) isolated roughness: buildings are so distant that their wakes re-attach on the ground

and decay significantly in the intervening distance, and therefore cannot interact

strongly with each other. In this case the flow field around the group can be thought

as a simple superposition of the flow fields around each building as if in isolation.

b) wake interference: the spacing between buildings is not large enough for the wakes

of the buildings to decay in the spaces between the building, but wide enough for the

flow above the buildings to reach between the buildings down to the ground. The

interaction between the building wakes leads to the formation of complex flow

patterns between them that are strongly coupled with the flow above, leading to an

increase of aerodynamic roughness.

c) sldmming flow: as the spacing between buildings becomes closer, the flow above

the buildings becomes relatively de-coupled from the flow between the buildings,

and appears to 'skim' over the top of the buildings, as if over a flat rough surface.

The flow between the buildings is characterised by stable re-circulation vortices,

channelled flow and relatively stagnant areas.

The threshold between each type of flow is mainly determined by the magnitude of the

spacing between the buildings, and a more general definition of building spacing in an

array are the 'densities' defined by Theurer (1995) and Plate (1995):

A,, lAd	 plan density

A1 A lAd	 frontal density

where Aj is the mean lot area, A1, is the mean plan area, and Af is the mean frontal area.

For cubical building arrays:

1
A. _Af =

(1+ S/H) 2-12

where S is the spacing between buildings.

73



Chapter 2	 Review of urban dispersion modelling

a) l!at.d roughness flow
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Figure 2-10 Building array flow regimes (Oke, 1988)

Hussain and Lee (1980) found that for uniform height cubical arrays, the isolated

roughness regime occurs when ?<8-l0% (SIH>2.2-2.6), wake interference for

9%.czXczl7% (l.2<S/H<2.4) and the skimming flow regime for ?>l5-2l%

(SIH<1.2-1.6). The exact transition values of X, depend on all other parameters of the

array geometry, such as the arrangement of the buildings (systematic or random, aligned

or staggered), the approach flow wind direction, as well as the length and width of the

individual buildings. The height distribution of buildings is also an important parameter,

and in arrays of irregular height the skimming flow regimes does not occur at all when

the height variation is greater than about 10% (Hall et al, 1996).

Spanton et al (1998) found that in typical UK urban areas, the arrays of buildings in

commercial areas have X,-50%, and industrial estates A,-20 to 40%, which correspond

to wake interference and skimming flow regimes.

The influence of individual buildings on the wind field above the array decreases with

height. The flow over an array may be divided into three layers: the canopy layer (up to

74



Chapter 2	 Review of urban dispersion modelling

about the mean building height), the external boundary layer (where the influence of

surface detail is insignificant), and a sub-layer in between (Robins and Macdonald,

1999).

Macdonald (1997) and Hall et al. (1996) measured the mean velocity profiles within a

regular cubical array using pulsed wire anemometry, and found a rapid reduction in

speed with increasing area density. The influence of the buildings was found to extend

up to 2-3H (the limit of the 'external layer'), also confirmed by Rafailidis (1997), which

is to be expected since the perturbation of a single building extends up to about 3H. The

external layer of an array is expected to begin at about three building heights (Robins

and Macdonald, 1999).

The flow in the external layer can be simply described by a 'rough wall' logarithmic

profile:

u* (____
U(z)=—lnl z–d

IC

where u. is the friction velocity, z0 the aerodynamic roughness, and d the zero

displacement height of the array surface.

Several studies have related z0 and d to array density, on the basis of field and wind

tunnel experimental data (e.g. Lettau, 1969 and Counihan, 1971). Macdonald et al.

(1998) derived an expression for z0 that also includes the individual obstacle drag

coefficient explicitly, to account for the effect of obstacle shape and arrangement.

Arrays of buildings: dispersion studies

The effect of arrays on dispersion behaviour depends critically on the relative lateral

and vertical size of a plume (a', and a) compared to the size of the array buildings (H

and W), the near-field behaviour being very different to that in the far field. The three

regimes of plume development influenced by an array (also discussed in 2.2.3) can be

defined as follows (Hall et al. (1996) and Macdonald (1997)):

2-13
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a) Near-field: near the source where the plume is still relatively smaller than the

individual buildings (a,, < W/4, and a <H/3). Localised flow around buildings has

a very strong influence on plume paths leading to significant spatial and temporal

variations in concentrations within the array.

b) Intermediate-field: further away from the source where the source has grown

sufficiently to envelop several buildings (a - W, and a - H). For a ground level

source, a large portion of the plume is still contained within the canopy layer.

Although there is less spatial and temporal variability in the plume in this regime,

the details and arrangement of the buildings within the array still influence the

development of the plume.

c) Far-field: sufficiently far away from the source where the plume is much larger

than the individual buildings (a >> W, and a >> H). The local details of the shape

and arrangement of the buildings no longer affect the dispersion of the plume, and

the array can be modelled as a uniform rough surface which influences dispersion

though the enhanced drag and mechanical turbulence it generates. In this regime

plume concentrations can be modelled using a Gaussian distribution.

The thresholds between each regime are only approximate. Plate and Baechlin (1988),

defined the 'radius of homogenisation', as the distance downwind where the far-field

regime has been reached. Theurer et al (1996) found that the radius of homogenisation

is typically between 50 to 100 building heights (1 to 2 km) from the source, a distance

corresponding to upper limit of the neighbourhood scale defined in 2.3.3.

For a ground-level source, the near-field regime extends over the first few rows, where a

plume becomes significantly distorted by individual buildings, and cannot be described

by a Gaussian equation (Macdonald, 1997). The initial dilution of the plume is very

sensitive to localised flow patterns. Yersel et al (1983) conducted full-scale experiments

in an urban array and found that the initial vertical dilution very near to their ground

level source (<200-400m) was large, due to the enhanced turbulence within the canopy

and immediately above the buildings. Davidson et al (1996) conducted field

experiments on idealised arrays of cubical obstacles (A,=l 1%) using a ground source

upwind of the array. They found that at the impact row of the array, the wind field
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required at least 3 rows to adjust to rapid streamline divergence and the new drag force

due to the array. They also showed how vertical spread was initially suppressed by the

horseshoe vortices around the (rather sparsely spaced) buildings, which brought

material down to the ground.

In the intermediate-field (typically 6 rows downwind of the source according to

Davidson et al., 1996) the lateral spread can be described as a Gaussian or

near-Gaussian, and the vertical spread can be described as a reflected Gaussian

(Davidson et al. (1996), Macdonald et al. (1997)). The values of a, and a depend on

the characteristics of the individual buildings' dimensions, shape and arrangement. Hall

et al. (1998) found that a and a in the intermediate field were strongly related to the

height and width of the buildings.

Atmospheric conditions in an urban area are neutral or unstable even in very low wind

conditions, since buildings and traffic generate significant mechanical turbulence and

positive heat fluxes. Briggs (1973) gives expressions for the enhanced urban a and a,

as a function of downstream distance from the source and Pasquill stability class. Based

on a field study in an urban area, Yersel et al (1983) suggested calculating values of c

from the Pasquill-Gifford curves shifted by one or two stability classes towards more

unstable, and calculating a based on the most unstable class.

Davidson et al (1996) and Macdonald (1997) compared the relative spreads of plumes

in open terrain and within arrays. They found that a and a were enhanced within the

array due to the increased levels of turbulence produced by the buildings. However, this

does not necessarily imply enhanced dilution and lower ground level concentrations.

The array also causes a deceleration in the flow, and thus a decrease of mean plume

advection velocity, an effect that counteracts the enhanced dilution due to increased a

and a, since Coc 1/U a (Ti.

Enhanced turbulent mixing within the array was found to smooth out sharp gradients in

the concentration field and cause a rapid reduction of concentration fluctuations

(Davidson et a!, 1996, and Macdonald, 1997). Davidson et al, 1996 observed how

fluctuations due to plume meandering in their field experiments (due to larger
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turbulence scales in the atmosphere) were damped by the array, but nevertheless

enhanced the lateral spread of the plume. They explained this behaviour due to lateral

'secondary' entrainment into obstacle wakes, which became secondary sources of

material released with a delay of the order of the individual building wake ventilation

time-scales (illustrated in Figure 2-1 1).

upstream
meandering	 -

detraining
wake source

a) A plan view

Wake mixing enhances
vertical plume spread

b) An elevation view

Figure 2-11 A secondary entrainment mechanism for lateral spread in an array
(from Davidson et al, 1996)
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Later flow visualisation by Hall and co-workers (as reported in Robins and Macdonald,

1999) confirmed this mechanism of lateral spread over a range of cubical array

densities.

However, in arrays of high building aspect ratio (WIH>l), i.e. for low and wide

buildings or buildings joined in rows, an entirely different lateral spread mechanism

applies. A strong lateral shift of the plume with respect to the wind direction has been

observed for certain wind directions at an angle to the array streets, due to wind

deflection along the streets within the urban canopy (Poreh (1997), Theurer et al.

(1996), Robins and Macdonald (1999)). This lateral shift was found to persist well

downstream (Poreh, 1997), and Macdonald et al. (1997) found that wind meandering

effects in field experiments were amplified due to the lateral shift mechanism,

enhancing plume spread.

Poreh (1997) also observed that a could be reduced instead of enhanced within an array

of high W/H (=2.25), when the wind direction is parallel to the direction of the 'streets'

within the array, due to flow 'channelling' along the streets. This effect can also be seen

in results by Wedding (1977), and Hoydysh and Dabberdt (1988).

2.6.2 Dispersion models for building groups and arrays

Groups of buildings

As discussed above, multiple building interactions can be particularly complex and

sensitive to the detail of the geometrical arrangement of the buildings, especially in the

near field. As a result, parameterising the flow and dispersion around a group of

buildings is a nearly impossible task, and no generic empirical method exists for

predicting concentrations in complex sites in the near field.

Simple modifications to Gaussian plume models discussed in 2.5.2 for single buildings,

may be extended to describe the effect of a group of buildings in the far field. The

difficulty still lies however in determining appropriate ways of modifying a)l and a

(Robins et al., 1997). Singh et al. (1994) discuss this issue in the context of full-scale

and wind tunnel modelling of a and a downwind of a nuclear reactor building
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complex. Petersen et al. (1991) proposed the use of physical scale modelling to simulate

the flow and dispersion in the near-field to account for the site-specific behaviour near

the source, and using a modified Gaussian plume model further away. This idea was

developed further by Theurer et al. (1996), with a focus on arrays of buildings

(described later in this section).

The ADMS building effects model (Robins et al, 1997) treats groups of buildings either

as non-interacting isolated buildings or as an equivalent single building (when the

buildings are sufficiently closely spaced, i.e. S<O.5H and the their difference in height

also does not exceed O.5H). The centre, dimensions and orientation of each building in

the group are used to define the equivalent building with the use of a simple

optimisation algorithm. Robins and Macdonald (1999) suggest that this method is rather

arbitrary and that it may be preferable for the user to determine the equivalent building

dimensions and position on the basis of wind tunnel data. Whatever the choice of the

user however, Robins and Macdonald (1999) recommend checking the sensitivity of the

results against alternative equivalent building definitions.

Arrays and urban areas

Beyond the radius of homogemsation (Plate and Baechlin, 1988), dispersion over an

array of buildings can be described by a Gaussian plume model, using appropriate

values of a3, and a.

In the far field, the aerodynamic roughness z0 of the array surface is the main parameter

affecting a3, and a, since it is directly linked to the mechanical turbulence generated by

the array. The value of z0 for an array can be modelled as a function of array

geometrical parameters (as discussed above in 2.6.1). There is a variety of

semi-empirical methods for calculating a3, and a as a function of z employed by

various Gaussian models, as reviewed in Hall et al. (1996), Robins and Macdonald

(1999), and Arya (1999).

However, in the intermediate field, a and a also depend strongly on geometrical

aspects of the array and the orientation of the array with respect to the incident wind

direction (e.g. Singh et al., 1994). Robins and Macdonald (1999) discuss the difficulties
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associated with modelling this regime. and the scope for improving current approaches

in the light of recent experimental work. Issues highlighted include improved modelling

of urban roughness. plume advection speed, initial plume spread, and lateral plume

spread (due to wake entrainment and wind meandering mechanisms).

In the near-field, the dispersion behaviour cannot be described by a Gaussian model,

and an empirical or semi-empirical parameterisation can only be used. Theurer et al.

(1996) suggest a list of urban topology parameters that affect dispersion within the

radius of homogenation for example:

0y, , =	 (H. OH. Ow, OL. W, W5. Ap, X, shape. pattern)

where H, W. L are the mean height, width and length of the constituent buildings. au.

Ow. and OL the standard deviation of their distribution, X the packing (plan area)

density. A.1 the frontal density, W5 the mean street width, shap& refers to the mean

building shape, and 'pattern' to the layout pattern of the urban array (e.g. square or

staggered). Oddly. the wind direction is not included in the list because it is treated as a

meteorological variable.

plume aus in the

fidd

/
a'

FAR-FIELD

rdius of
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flow

VII.. maui ontaticn of the
building pattern

Figure 2-12 An illustration of the model SAMPU (Theurer et al., 1996)
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Theurer et al (1996) then proposed assembling a basic database of wind tunnel data

parametensed as suggested above to describe the near-field dispersion field. This can be

used to express the spread of the plume up to the radius of homogenisation using a

'virtual source' approach, followed by a Gaussian plume model for the 'virtual' plume

in the far field (as illustrated in Figure 2-12). This is the basis of their semi-empirical

SAMPU model, which is a useful compromise between full wind tunnel or numerical

simulations and an unmodified Gaussian model.

2.6.3 CFD simulations of building groups and arrays

All the CFD studies of groups of buildings described below were carried out using a

RANS representation of flow and dispersion using the k-c turbulence model and an

eddy-diffusivity dispersion model. Ronold (1993) predicted detailed air velocity

distributions and gas concentration profiles within an offshore petroleum process plant

to aid the classification of hazardous areas, however without any experimental

validation of the results. Gadilhe et a!. (1993) predicted the wind flow through an urban

square of complex shape. Their results compared reasonably well with wind tunnel

experimental measurements; the greatest discrepancies between simulated and

experimental values occurred in wakes and re-circulation areas in the model, and the

authors argue that this could be due to the limitations of their experimental

measurement technique. A report by Hall (1996b) for the UK Health and Safety

Executive gives an in-depth discussion of the applicability of CFD to modelling

hazardous releases in the vicinity of buildings. The study involved the evaluation of

CFD simulations against benchmark experiments (involving both passive and dense gas

releases), and modelling flow and dispersion at a sample industrial site.

The EMIJ project (EMU, 1997) involved the simulation of gas releases in the vicinity of

buildings to evaluate the influence of user decisions and errors on the variability and

accuracy of CFD results. Four expert CFD users modeled a wide scope of test cases

using the same code and the same turbulence model (standard k-c), and the solutions

were inter-compared and evaluated against wind tunnel data. The test cases ranged from

a single L-shaped building on flat terrain and small groups of buildings, to a complex

group of buildings closely resembling an actual major industrial site. The main

conclusion from this study was that results from different users varied substantially, and
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that even the 'best' (numerical error-free) CFD solutions did not necessarily give the

best agreement with experiment; for example, coarse mesh model results were

sometimes found to agree better than those from finer mesh models. These

discrepancies were attributed to the inadequacies of the turbulence model used.

A CFD study of the flow and dispersion around a group of buildings in an urban area

was carried out by Murakami et al. (1991). The scope of this early study is impressive;

both k-c and LES simulations were earned out and validated by experimental data both

flow and dispersion, and the cases modelled ranged from a single cube and an array of

cubes, to an actual building complex under construction. The LES results from the

idealised cubes (single and array) agreed very well with experiment, in terms of

pressure and mean concentration, as did the k-c results for the complex group in terms

of the mean flow patterns. To simulate the effect of strong winds at the balconies of the

complex buildings, a separate detailed model was also run, with boundary conditions as

specified from the larger scale model of the building complex.

A recent CFD study by Guilloteau and Mestayer (1999) focussed on modelling the flow

in urban arrays. As in the Murakami et al. (1991) study, to limit the domain size

necessary only a few buildings were explicitly modelled and the wider influence of the

array was brought in by using a 'cyclical' boundary representation. The aim was to

study the boundary layer development over a regular array and to model the structure of

the urban surface layer and roughness sub-layer, in order to derive an improved urban

roughness parametensation for the mesoscale model SUBMESO. The Chen k-c

turbulence model was used, and some preliminary unvalidated results were presented.

Recent ERCOFTAC workshops (Hanjalic et a! 1998, and Hellsten et al (1999)) have

featured arrays of surface mounted cubes as one of their test cases. Interestingly, this

configuration was chosen as an idealised representation of a board of electronic

components, motivated by the important practical problem of electronics cooling.

RANS simulations were found to predict the mean streamwise velocity very well, with

exception of the upwind part of the cube; predictions of the mean vertical component

were under-predicted, and the cross-flow predictions by RSM models were better than
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those of the isotropic eddy viscosity k-c model. DNS and LES simulations provided the

best predictions, which were in close agreement with experiment.

2.7 Street canyons

'Street canyons' (or 'urban canyon') are streets with buildings on both sides. A large

number of urban near-field dispersion studies have focused on the street canyon, which

is regarded as the simplest representative unit of the complex, three-dimensional urban

canopy.

The geometry of an idealised urban canyon is described simply by the height of

buildings on the two sides of the street, the width of the canyon W, and its length, L, as

illustrated in Figure 2-13. 'Asymmetrical' canyons have unequal height buildings on the

two sides, but in most studies canyons are assumed 'symmetrical', with the same

building height H on both sides.

upwind side	 downwind side

w

Figure 2-13 Definition of urban canyon geometrical parameters

The wind at 'roof-level', U11, is generally used as the reference wind parameter

(although this is a somewhat vague concept), and its direction, 9, is defined relative to

the normal to the canyon axis. The two sides of a canyon are conventionally referred to
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as the 'upwind' (or 'lee-ward') side and the 'downwind' (or 'wind-ward') side, relative

to the direction of the roof-level wind component normal to the canyon axis.

2.7.1 Flow and dispersion studies on street canyons

Street canyon studies

The earliest street canyon studies were study by Albrecht (1933) and the full scale study

by Georgii et a!. (1967), who demonstrated the existence of a vortex flow and the

typical upwind to downwind difference in concentration. Numerous studies on street

canyons can be found in the literature; selected full-scale canyon studies are

summarised in Table 2-6, and selected wind tunnel experiments are summarised in

Table 2-7.

Reference	 Location	 W/H	 Measurements

Ludwig and Dabberdt (1972) 	 St Lewis, USA	 0.75, 0.5 Mean velocity,

concentration

De Paul and Shieh (1986) 	 Chicago, USA	 0.7	 Visualisation

(He filled balloons)

Yamartino and Wiegand (1986) Bonner Strasse, 	 1	 Mean flow, turbulence,

Germany	 concentration

Nakamura and Oke (1988) 	 Kyoto, Japan	 1	 Mean flow,

temperature

Palmgren et a!. (1999) 	 Jagtvej,	 1.4	 concentration

Denmark

Louka et a!. (1999)	 Reading	 1.4	 Mean flow, turbulence

Table 2-6	 Summary offull scale urban canyon studies
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Reference	 Canyon model	 WIH Measurements

Wedding et al. (1977)	 regular array	 1.5	 Concentrations (mean)

symmetrical

Hoydysh & Dabberdt	 regular array	 1	 flow visualisation

(1988 and 1994)	 symmetrical &	 concentrations (mean)

asymmetrical

Yamartino & Wiegand	 2-D, symmetrical	 1	 flow visualisation

(1986)	 flow measurements

(results by Builtjes,1984)	 concentrations (mean)

Pavageau et al. (1996)	 2-D, symmetrical 1 & 0.5 Flow visualisation

flat & slanted tops	 Flow measurements

Concentrations

Pavageau & Schatzmann	 2-D symmetrical	 1	 Concentration fluctuations

(1999)

Liedtke et al. (1999)	 detailed model of	 1 .4 Concentration

actual urban site	 (mean & instantaneous)

comparison with

field data

Kastner-Klein et al.(1997) 2-D, symmetrical 	 1	 Concentration (mean)

and (1999)	 flat & slanted tops

Table 2-7	 Summary of wind tunnel urban canyon studies

Street canyons have been modelled in the wind tunnel as either idealised rows of 2-D

canyons, or canyons forming part of a regular urban array. Most of the data from these

studies are widely available and have been used for dispersion model validation

validation and development. For example, the comprehensive database of wind tunnel

flow and concentration measurements described by Pavageau et al (1996), is available

on the internet (www.mi.uni-hambourg.de).
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The experimental studies described in this review are categorised separately as either

full-scale or wind tunnel based. This distinction is drawn because there can be

fundamental differences between full-scale and wind tunnel measurements (also

previously discussed in 2.4). Wind tunnel modelling of street canyons inevitably

involves a considerable simplification and idealisation of an actual urban situation, in

terms of the geometry, traffic emissions and movement, atmospheric conditions, etc.

The disadvantage of such idealisations can lead to results not representative of actual,

complex situations. Conversely, the advantage of this approach is that it helps to isolate

and understand each of the factors or phenomena involved in a simplified, step-by-step,

constructive approach.

Differences between wind tunnel and full-scale data should also be carefully considered

when validating numerical models (Schatzmann et al., 1999). These differences are

illustrated clearly in the work of Liedtke et al. (1999), who compared wind tunnel and

field measurements of an actual street canyon (Gottinger Strasse, Hanover). The effect

of using a simplified model of an actual street canyon in the wind tunnel was

investigated by carrying out wind tunnel measurements using different scaled models

that included various levels of detail of the full scale canyon geometry. Significant

differences were found in the results, as shown in Figure 2-14.

Figure 2-14 Comparison of wind tunnel measurements based on detailed and
simplified scaled models of an actual canyon geometry (Liedtke et aL, 1999)
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The limited averaging times typically used for field measurements, in contrast to the

long averaging times in the wind tunnel, was also shown to be a potential cause of

discrepancies between field and wind tunnel data. To demonstrate this effect Liedtke et

a!. (1999) carried out a number of wind tunnel measurements using shorter averaging

times, corresponding to those used for typical field data measurements. Figure 2-15

shows the variability found in the wind tunnel measurements obtained during short

averaging times (i.e. 9sec corresponding to 30mm in full scale), compared to a single set

of field measurements.

Figure 2-15 An illustration of the variability of short-term averaged wind tunnel
concentrations, compared to a single set offield data (from Liedike et a4 1999)

Flows in symmetrical street canyons

The vast majority of street canyon dispersion studies have focussed on symmetrical

canyons. Flows in symmetrical urban canyons are typically categorised according to the

same three flow regimes applicable to arrays (as discussed in 2.6.1 and illustrated in

Figure 2-10). For wind directions more or less perpendicular to the canyon axis

(O=±900) , transitions between these regimes have been found in wind tunnel

experiments to be function of W/H and LJFI, as illustrated in Figure 2-16 (Oke, 1987

and 1988).
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The WIH ratio of canyons in cities is such that they usually fall within the skimming or

wake interference regime (Spanton et al., 1998). In the skimming flow regime

(WIH<l .5), the above-canopy flow drives a strong re-circulation vortex in the cavity

between the buildings. This localised flow pattern creates a spatial variation of pollutant

concentration due to traffic emissions at the bottom of the canyon as illustrated in

Figure 1-2. Pollutants emitted at street level are locally advected by the re-circulation

vortex towards the upwind side of the canyon, and as a result concentrations on the

upwind side of the canyon are significantly higher than those on the downwind side.

As WIH decreases to less than about 0.75, the re-circulation vortex tends to be located

in the upper part of the canyon, with nearly stagnant air below (DePaul and Shieh

(1986) and Pavageau et al. (1996)). As a result, concentrations in deep canyons of

WIH=0.5 are significantly higher compared to the W/H=1 case (Pavageau et at., 1996).

Also, higher values occur on the downwind (instead of the upwind) side, which is

attributable to a weak counter-rotating secondary vortex near the ground.

The strength of the vortex flow (for WIH-1) was found to scale linearly with the

roof-top wind speed (Nakamura and Oke (1988), Yamartino and Wiegand (1986)) and

typical values of vortex speeds are given in DePaul and Shieh (1986). When the

roof-top wind direction is parallel to the axis of the canyon (9=0 and 180°), the flow is

'channeled' along the street. Yamartino and Wiegand (1986) proposed a logarithmic

variation with height of the channeled flow within the street.

For roof-top wind directions at any other angle 9, the flow 'spirals' along the canyon

length, as observed by Nakamura and Oke (1988). Yamartino and Wiegand (1986)

showed on the basis of wind tunnel and full scale data that the spiraling flow within the

canyon can be approximated as the linear superposition of a re-circulation flow

proportional to the roof-top wind component normal to the canyon axis (UH cos9), and a

channeled flow (nearly uniform with height), proportional to the along axis wind

component.

Canyon flow has been described above in terms of averaged patterns and quantities.

There is considerable variability in the flow within a canyon. Apart from variations due

to turbulence (as discussed separately below), there is evidence of vortex intermittency
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over longer time-scales. Flow visualisation in the wind tunnel (e.g. as described by

Hoydysh and Dabberdt (1988) and Pavageau et al. (1996)) has shown that the vortex

motion is periodically interrupted, causing material to be intermittently 'flushed' out of

the canyon (also referred to as 'canyon breathing'). Louka (1999) identified evidence of

such behaviour based on full-scale measurements.

In the majority of canyon studies, the canyon buildings are assumed to have a flat roof.

Pavageau et al (1996) investigated canyons with slanted building roofs; depending on

the relative arrangement of slanted roof building with respect to flat roof ones,

significant upward or downward deflection of the roof top level wind was observed,

affecting the vortex flow within the canyon.

Turbulence within canyons

Yamartino and Wiegand (1986) analysed canyon turbulence velocity measurements,

from both wind tunnel and full-scale experiments. Wind tunnel measurements of

building generated turbulence were found to vary slowly over the canyon, peaking near

the downwind building roof, decreasing to about 70% near street level on the downwind

side, and to 50% on the upwind side.

Additional sources of mechanically and thermally generated turbulence are inherent in

full-scale data. Data from the Bonner Strasse full-scale study (Yamartino and Wiegand,

1986) were used to derive empirical correlations for a, a, and a in terms of

automotive and solar heat flux (during night-time and day-time, as well as for zero

roof-top velocity conditions). A correlation for vehicle induced turbulence was not

derived since traffic speed data were not available.

Pavageau and Schatzmann (1999) studied concentration fluctuations in canyons. The

distribution of concentration fluctuation intensity was described in detail; the peak value

was found at the leading edge of downwind building roof, decreasing from 80% to

about 30% near Street level on the downwind side (as described by Yamartino and

Wiegand (1986) for velocity fluctuations). Pockets of low concentration fluctuation

intensity (20%) were also identified, in the lower downwind corner and the upper half

of the upwind side of the canyon. The line source used for the experiments (positioned
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at street level, in mid-street) caused significantly enhanced levels of turbulence in its

wake; the blockage effect of vehicles (whether moving or not) could therefore have an

important influence on localised dispersion in actual street canyons.

Palmgren et al (1999) used the difference in observed night-time and day-time

turbulence in the Jagtvej full scale data to quantify the effect of traffic induced

turbulence. Recent wind tunnel studies of traffic induced mechanical turbulence are

described in Kovar et a!. (1999), and Kastner-Klein et a!. (1999b) in which a similarity

concept of dispersion due to traffic induced turbulence is proposed and validated.

Concentration field within canyons

The concentration field in street canyons has been measured in field experiments and in

the wind tunnel. Traffic emissions in field studies are typically estimated from

information on traffic counts and emission factors (e.g. as described by Hertel et al.,

1999). In wind tunnel vehicle emissions are usually modelled with the use of 'line'

sources at street level (as discussed in Meroney et al., 1996).

The typical difference in concentration between the upwind and downwind sides in

canyons has been the focus of most field and wind tunnel dispersion studies. Results

from the field study of Ludwig and Dabberdt (1972) were expressed parametrically in

the form of Equations 2-16 and 2-17 (also known as the empirical model STREET,

discussed in 2.7.2). Field measurements reported in Yamartino and Wiegand were used

to validate and calibrate the CPBM model described below in 2.7.2. There is a number

of other studies based on the analysis of routine air quality measurements in actual Street

canyons, as for example Palmgren et al. (1999), Berkowicz et al. (1996) (in

Copenhagen), Buckland (1997) (at Cromwell Rd, London). Results from such studies

have focussed on the variation of concentration with wind direction within canyons and

have been used to evaluate street canyon models (e.g. as illustrated in Figure 2-24).

Values of non-dimensionalised concentrations on the upwind and downwind walls of

canyons from wind tunnel tracer dispersion measurements can be found in studies such

as Wedding et al. (1977), Hoydysh and Dabberdt (1988), Pavageau et al. (1996), and

Kastner-Klein et a!. (1999).
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Wedding et al. (1977) studied canyons as part of a regular urban array, with the aim of

identifying building arrangements and wind directions associated with enhanced

dilution and reduced concentrations at pedestrian level. Contour plots of concentration

along the upwind and downwind wall of canyons are presented, for several wind

directions, and for different building array configurations involving 'blocks' of unequal

height buildings.

Hoydysh and Dabberdt (1988) measured the variation of the upwind to downwind

concentration ratio with wind direction (wind tunnel results shown in Figure 2-20, in

2.7.2). They also measured vertical concentration profiles for a range of angles,

approximating them with a simple profile, exponentially decreasing towards the top of

the canyon.

Tracer dispersion experiments in two dimensional canyons of W/H -1 and 0.5, with flat

and slanted roofs as reported in Pavageau et a!. (1996) are included in the database of

the Meteorological Institute of Hamburg University, which was created to provide

reliable data for the evaluation of numerical models.

Kastner-Klein et al. (1999) carried out a systematic parametric study to establish factors

that affect the concentration field within canyons; the data from this study were

compiled in the form of a database for numerical model evaluation. An isolated two

dimensional canyon was used as a reference case, and a number of parameters were

varied: wind direction, line source position, 1114 and WIH, number of upwind rows of

canyons, and roof shape. The variation pattern of concentration with wind direction

depended on whether measurements were made at the middle of the spanwise length of

canyon or nearer the ends of the canyon; values near the end were larger than at

mid-block for all wind directions other than at 900. The ratio 1114 and the position of the

line sources also had a strong influence on this pattern. Vertical profile measurements

showed patterns of decreasing concentrations with height (as described by Hoydysh and

Dabberdt, 1988). The profiles show the significant influence of the number of upwind

rows of canyons, the position of the source, roof shape, and to a lesser degree, to LJH

and W/H.
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Asymmetrical canyons

The only experimental studies of asymmetrical canyons found in the literature were

those of Hoydysh and Dabberdt (1988) and Dabberdt and Hoydysh (1991), based on

wind tunnel experiments involving tracer gas and flow visualisation techniques.

'Step-down' canyon (Hd<H) flow patterns were not visualised, but for a 'step-up'

canyon (Hd>H), the observed vortex was found to be significantly stronger than that of

a symmetrical canyon: the average 'circumferential' velocity of the canyon vortex was

found to be about twice that in a symmetrical canyon. In fact, this corresponds to a

well-known effect in the wind aerodynamics field; the configuration of two broad

buildings of unequal heights, with the higher building downstream (i.e. a step-up'

canyon), is known to create a particularly strong vortex between the two buildings (as

illustrated in Figure 2-18).

Figure 2-18 Strong vortex between buildings of unequal heights forming a
'step-up' asymmetrical canyon (from BRE, 1989)

The ratio between ground level concentrations on the downwind and upwind sides,

varied with wind direction. For step-up canyons, the ratio was about a factor of two or

more (similar to symmetrical canyons). For 'step-down' canyons, concentrations were

found to be slightly less on the upwind side.
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2.7.2 Dispersion models for urban canyons

Hotchkiss and Harlow analytical model

Hotchkiss and Harlow (1973) modeled the canyon vortex flow analytically, with an

approximate solution of the Reynolds Averaged Navier-Stokes equations for 2-D

canyon boundary conditions, given by:

u =U(1—I3y'[y(1+ky)—J3(1—ky)/y1sinkx	
2-14

w=Uky (1—Ji)'[y—fi/y]coskx

where W and H are the canyon width and height, k=it/W, jJ= exp(-2kH), y = exp(ky), x

is the lateral distance across the canyon, and y = z-H.

On the basis of the flow solution they then derived an approximate solution for the

concentration field within a canyon by solving the advection diffusion equation using a

simple model for the turbulence within the canyon, based on an empirical turbulence

velocity scale u, and eddy kinematic diffusivity, Vt:

c 5I_L_L1__S•UR y [e(1—ky)—/3e(1+Icy)]coskx
Lu	 v,] 4kv,(1—fl)

where S=Q/W is the pollutant source strength per unit width of street.

The Hotchkiss and Harlow flow model (1973) (from this point forward referred to as

H&H) was found to agree reasonably well with experimental data in Yamartino and

Wiegand (1986). A vector plot of the flow field predicted by the model is shown in

Figure 2-19. The dispersion model is compared to wind tunnel data and the STREET

model described below in Figure 2-20.
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Figure 2-19 Canyon wind field calculated using the H&H model (Berkowicz et al.
1997)
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Figure 2-20 A comparison of canyon street level concentrations modelled with
H&H and STREET, and wind tunnel data (From Berkowicz et a!., 1997)
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STREET

Full scale experimental studies were carried out in urban canyons of San Jose and

St Lewis in the USA by Johnson et al. (1973) and Dabberdt et al. (1973). These studies

led to the development of an empirical expression for the concentrations on the upwind

C and downwind Cd, sides inside an urban canyon due to a line source at street level,

known as the STREET model:

CI = Cb +
2 1/2

(UH+U,)[(x,2+z, ) + h]

CdCb+(	

1
-	 H JtW(UH+U:)f

using:

, -0.75
Q = KNv

where H and W are the height and width of the canyon, x and z1, the horizontal and

vertical distances from the line source, Cb is the background concentration, UH the

roof-top wind speed (ms'), U a velocity correction that accounts for vehicle induced

turbulence (U1 4i5ms'), h0 an initial dilution height of the source (ho2m). Q is the

source strength of the line source, related to K, a constant dependent on vehicle

combustion efficiency (K7), N the traffic flow rate (per hour), V the average vehicle

speed (mph).

Substituting for x=W12 and z=O into Equations 2-16 and 2-17, the ratio of C to Cd is

about 2:1. Figure 2-20 (from Berkowicz et a!., 1997) compares concentration values

predicted by the STREET and the H&H model to wind tunnel experimental data by

Hoydysh and Dabberdt (1988).
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CAR

The CAR model (Calculation of Air pollution from Road traffic) described in Eerens et

al. (1993). is a set of empirical correlations between concentrations and wind direction.

based on wind tunnel experiments for a variety of urban canyon configurations. The

simplified operational' CAR model contains only a subset of street canyon

configurations and calculates the annual average of concentration at a given distance

away from the middle of the street. This model is optimised yearly on the basis of

routine pollution measurements.

Canyon Plume Box Model (CPBM)

The Canyon Plume Box Model (CPBM) was developed by Yamartino and Wiegand

(1986). It is a semi-empirical canyon model, based on a systematic examination of the

full scale data from Bonner Strasse, together with some wind tunnel data. The CPBM

uses a box model strategy to describe the concentration CR due to the re-circulation of

pollutants within the canyon but to add structure to the concentration field due to the

local advection by the vortex flow, it also uses a Gaussian plume model to calculate the

near-source contribution (Figure 2-21).

ADVECTIVE	 DIFFUSIVE	 FRESH AIR
FLUX	 FLUX	 PLUME

tif	 ttt
I	 1!;	 Il.IjIIII:.;

1:1:1

............I.

INAI. SOURCE
DISTRIBUTION

Figure 2-21 Local advection plume division in CPBM (Yamartino and Wiegand,
1986)
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The local advection plume is divided into three segments (P 1 . P2 P3). For plume P 1 . the

dispersion coefficient, a, is given by:

o(t) =	t
H1	

2-19

where H 1 is the initial plume dispersion, depending on the size and speed of the

vehicles, au,' is the standard deviation of the turbulent vertical component w', and t, is

the transport time, equal to xlu where x is the source-receptor distance and u is the

cross-canyon velocity calculated from the H&H wind model (Equation 2-14). Similar

formulations are used for plume segments P2 and P3.

The concentration due to the re-circulation component is given by:

CR= u (W/2)(1—F)

QF
2-20

where Q is the source term, W the width of the canyon and F is the fraction of the

material re-circulated in the canyon is calculated using:

F = exp(—t /r)
	

2-21

where t is a vortex re-circulation timescale:

r 2HIu
	 2-22

and t is a measure of the residence time of pollutants inside the canyon, which depends

on the rate of fresh air entrained from the top of the canyon. The value of t is estimated

using empirical values of the size and the speed of advection of the fresh air plume, and

the turbulence at the top of the canyon.

The CPBM was tested on data from the Bonner Strasse Experiment in Cologne,

Germany (Yamartino and Wiegand, 1986), and a subset of the data was subsequently
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used for optimisation of the model. The performance of the CPBM was found to be

significantly better than the STREET model.

OSPM

The OSPM (Operational Street Pollution Model) described in detail by Berkowicz et al.

(1997), is another semi-empirical canyon model. It is based on the same principle as the

CPBM described above, but uses different assumptions for the near-source plume model

for the direct contribution, and the box model for the re-circulated contribution.

The flow model that OSPM uses is very simplified and is based on an empirical

parameterisation of wind tunnel experiments. On the assumption that traffic emissions

are uniformly distributed across the width of the canyon, the direct plume contribution

is calculated using:

Cd = J lJi -
i_Q/W 

dx
J U, a(x)

where Q is the source term, Ub is the wind speed at Street level and a(x) is the vertical

dispersion coefficient at a distance x downwind. The integration limits depend on the

extent of the canyon re-circulation zone, which depends on wind direction, and Street

length.

The process of estimating the extent of the re-circulation zone is illustrated in Figure

2-22, where Lex and L are defined. Lex is assumed equal to 2H. The maximum

extent of the vortex zone is taken equal to the width of the canyon W, or the length of

the vortex	 whichever is smaller.

The vertical dispersion coefficient a is modelled assuming that the dispersion of the

plume is due to mechanical turbulence in the canyon, generated by wind and traffic (a)

and due to an initial dilution ho:

x
o• =a—+h0

Ub

2-23

2-24
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w

Figure 2-22 OSPM: Calculating the extent of the re-circulation zone as a function
of wind direction (Berkowicz et al., 1997)
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Figure 2-23 The re-circulation box model regions for a) Lrec<W and b) Lrec>W
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Adjustments are made in this model to accommodate wind directions along the axis of

the canyon, and when the integration path becomes so long that c>H, to account for

pollutants escaping from the canyon. The way in which the re-circulation contribution is

calculated is described in detail in Berkowicz et al. (1997), and is based on modelling

the flux of pollutants out of the canyon, along lengths L, L and L2 as described in

Figure 2-23.

This is the model most widely used to calculate concentrations within an urban canyon

at street level, and has been included in the Gaussian plume model ADMS. Its

performance is reasonably good, as evidenced by comparison to full-scale data (e.g.

Figure 2-24 from Berkowicz et al., 1997).
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Figure 2-24 OSPM compared to routine monitoring data (Berkowicz et al., 1997)

2.7.3 CFD simulations of urban canyons

There are numerous CFD studies on the flow and dispersion in urban canyons, nearly all

on symmetrical canyon cross-flow and dispersion in two-dimensions, under neutral

atmospheric conditions. Unless otherwise stated, CFD simulations described in this

section were based on a steady-state Reynolds-averaged representation of flow and
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dispersion, using the k-E turbulence model and an eddy-diffusivity dispersion model (as

described in 2.2.1).

Mainstream CFD dispersion studies

Typical cross-canyon mean flow patterns simulated for different W/H ratios are shown

in Figure 2-25 (from Sorensen et al., 1994). Hunter et al. (1992) modelled the flow in

urban canyons in three-dimensions, systematically varying H, W, and L, to derive

threshold values for W/H and LJH for the three flow regimes defined by Oke (1988).

The results are compared in Figure 2-26.

Theodoridis and Moussiopoulos (1999) simulated velocity and concentration fields

using k-' (with standard wall functions, or a two-layer model) for canyons of W/H=1

and 0.5, with flat and slanted tops, and compared the results to wind tunnel experiments

(Rafailidis and Schatzmann, 1996). The simulated mean flow and dispersion patterns

were similar to those found experimentally, but the standard k- s model results

underestimated turbulence levels within the canyon and overestimated concentrations.

Many other studies currently in progress (e.g. Liedtke et al. (1999), Ketzel et al.(1999))

focus on comparing CFD predictions to experimental measurements, as well as the

parametric dispersion models discussed above in 2.7.2. Preliminary results (e.g. Ketzel

et al., 1999) give a complex picture. CFD results using code MISKAM have been found

to reproduce the overall pattern of variation of mean concentration with wind direction,

though a point by point comparison shows significant discrepancies. The evaluation of

the CFD results is further compounded by differences found in the simulation results

obtained with different versions of the same CFD code, and different user decisions

(such as levels of refinement used, detail of the geometry included, boundary

conditions), as illustrated in Figure 2-27.
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Figure 2-25 Wind field in street canyons simulated with k-e (Sorensen et al., 1994)
(Top to bottom: WIH=2, WIH=1, W/H=O.5)
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Other CFD modelling approaches

Lee and Park (1994) used a transient CFD solver with a simple mixing-length

turbulence model to simulate the time evolution of pollutant dilution in symmetrical

urban canyons for a variety of W/H ratios (for single and double vortex skimming

flow), roof-top velocities, and turbulent Sc numbers (as defined in 3.1). Based on the

assumption that pollutants emitted into a canyon decay exponentially in time, values for

the time constant t (or 'residence time') were derived as a function of the parameters

described above. Sini et al (1996), also modelled the time evolution of canyon pollutant

concentration and found higher values for 'r, and different thresholds of W/H for

multiple vortex formation in deep canyons, but none of these results have been validated

experimentally due to a lack of wind tunnel experimental data.

Ca et al (1995) modelled thermal effects in canyons on flow patters due to differential

solar radiation heating with LES. Sini et al. (1996) and Mestayer and Sini (1998) also

modelled the influence of thermal effects on pollutant dispersion (spatial distribution

and time evolution) showing how buoyancy forces can oppose the canyon vortex

formation leading to weak mixing with the above-canyon flow. Due to lack of

appropriate experimental data, none of these studies could be validated.

Nearly all CFD studies have covered dispersion of passive, inert pollutants.

Moussiopoulos et al. (1999) included fast chemistry NO cycle reactions into their

canyon dispersion calculation (standard k-E), with the aim of improving estimates of

pollutant fluxes between the canyon and the above-canyon flow.

2.8 Urban canyon intersections

2.8.1 Flow and dispersion studies on urban intersections

Although there has been much emphasis on the study of isolated, two-dimensional street

canyons, three-dimensional canyon effects have also been studied, such as the variation

in concentration along the length of canyons, and canyon 'end effects'. Figure 2-28 is an

illustration of end effects observed in an early study wind tunnel by Hoydysh et al.

(1974). By contrast, canyon field experiments have typically been carried out in sites
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involving long, uninterrupted streets to purposely avoid three-dimensional effects, and

the influence of intersecting streets.

LU 4 f,	 WINDWARD

3D interaction of corner and cavity vortex
near the edges ofa short greet canyon

recirculation in a 2D streat canyon

Figure 2-28 An illustration of canyon end effects by Hoydysh et a!. (1974)

Hoydysh and Dabberdt (1994) performed the first systematic wind tunnel study on

urban intersections. The concentration field for wind directions from 0° to 90° was

measured using quantitative smoke visualisation and tracer dispersion techniques. The

intersection studied was part of an array of orthogonal, equal height blocks with

L=2.7H, L=8H, Y=1.3H, X=0.83H (according to the notation in this Thesis, as

illustrated in Figure 1-3).

Results from the flow visualisation were time-averaged, vertically integrated

concentration values within the array. Two passive sources were used at ground level,

one in the wider x-canyon ('avenue') and another in the y-canyon ('Street'). On the

basis of the flow visualisation (as illustrated in Figure 2-29), mechanisms of pollutant

'spillage' between canyons, and of pollutants 'flushing out' from the top of canyons

were broadly identified.

During the tracer dispersion experiments, concentrations were measured at various

positions across and around the intersection area, at two heights H/15 ('lower level')

and H12 ('higher level'). Mean concentration data are presented in the paper as contour

plots, most of which only cover the central canyon overlap area. Contour plots of the

ratio of 'upper level' and 'lower level' concentrations are also provided to illustrate
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difference at the two levels for different wind directions, and the concentrations at the

four corners' of the central intersection area are tabulated for different wind directions

to illustrate the spatial variability of concentrations.

0=00

Figure 2-29 Vertically averaged mean concentration patterns at intersections:
emissions from a single point source, wind direction top to bottom (from Hoydysh and

Dabberdt, 1994)

The main conclusions drawn by the authors are that lower level' concentrations vary by

up to an order of magnitude, and that the contribution of either source can be from 5%

to 95% of their joint concentration field depending on wind direction and receptor

location. Concentration maxima (or minima) occur at the corners of the intersection, the

variation of concentration between the corners being 3 to 9. The ratio between

concentrations at the 'upper' and 'lower' levels varies across the intersection, the

pattern depending on wind direction, which the authors attributed to differences in

vertical dispersion.

Although a considerable amount of experimental data is contained in the Hoydysh and

Dabberdt (1994) study, the discussion of the results is to a large extent descriptive and

speculative, and does not provide a clear insight into the mechanisms that underlie the

concentration patterns described.
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Chapter 2	 Review of urban dispersion modelling

Kastner-Klein et al. (1997) also mention preliminary results from a wind tunnel

dispersion study using a line source at a 'street-canyon intersection' formed of four

orthogonal buildings, with square courtyards at the middle of each block. Results from

the normal incidence case are shown in Figure 2-30.

-
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60	 23	 23
S	 I	 •. __g_5 • • S
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-540

.6660 -540 -420 -300 -180 -6J

Figure 2-30 Wind tunnel concentration measurements at an urban intersection:
emissions simulated as a line source, wind direction bottom to top (from

Kastner-Klein et a4 1997)

There are a few other case-specific studies on intersections of street canyons. An

example is a study by Wichmann-Fiebig et al. (1997) based on full scale and wind

tunnel modelling of flow and dispersion at a complex, non-orthogonal urban site at the

intersection of five canyons. No generally applicable results or conclusions about urban

intersections can be drawn from this work, partly due to the complexity of their chosen

site.

Full-scale monitoring from an urban intersection site in central London are presented in

Scaperdas and Colvile (1999). The aim was to illustrate the influence of 'street-building

geometries' on near-field dispersion, and how this may affect the 'representativeness' of
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urban air quality measurements. Routine monitoring data from the site over an entire

year were filtered to retain only neutral atmospheric conditions and periods of

near-constant traffic conditions. These were then normalised with respect to mean

roof-top wind speed UH, and were averaged over 36 wind sectors. The resulting annual

mean concentration variation with wind direction is shown in Figure 2-31.

5

II
185

Figure 2-31 The variation of concentration with wind direction at an urban
intersection monitoring site (Scaperdas and Colvile, 1999)

For wind directions perpendicular to the canyon in which the monitor was situated

(9=90° and 2700), the concentration difference between the upwind and downwind sides

of the canyon can be clearly identified. There is also a marked maximum value of

concentration around 135°, which can only be attributed to localised flow patterns due

to the nearby intersection. This pattern was also compared with CFD simulations of the

same site discussed below in 2.8.3.

The present thesis builds on the work described above, with wind tunnel modelling of

the flow and dispersion at idealised urban intersections, formed by various arrangements

of four low and wide buildings.
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2.8.2 Dispersion models for urban intersections

There are several so-called 'air quality intersection models' reviewed by Sculley (1989)

such as the USEPA Intersection Mid-block Model (developed in 1978 for CO hot spot

analyses), the Texas Intersection models (TEXIN) and the M1CRO2 model developed

by Griffin et al. (1983). Despite their misleading title, all these are emission models that

estimate the excess of emissions at intersections controlled by traffic lights (due to

traffic idling, acceleration and deceleration) and are based on analytical traffic models.

MIICRO2 for example was developed to provide emissions input files for the Gaussian

plume model CALINE4 (Benson, 1992). However, as any other Gaussian plume model,

CALINE cannot model the near-field effect of buildings on dispersion, and it is thus not

an appropriate methodology for modelling near-field dispersion at urban intersections.

Zamurs (1990) pointed out that although considerable effort has been invested in

intersection emissions modelling, assessing the applicability of existing dispersion

models to urban conditions, and intersections in particular, was an important issue that

was neglected.

The Gaussian plume model ADMS-Urban is different to CALINE in that it uses an

urban canyon model to model concentrations in the urban canopy (as mentioned in

2.7.2). However, intersections of canyons are a singularity that the urban canyon model

cannot deal with; thus, attempting to model concentrations at intersections with

ADMS-Urban is also inappropriate.

Dabberdt et a!. (1995) applied CALINE and another Gaussian plume model, HIWAY2

(used for regulatory purposes in the USA), to an urban intersection geometry studied in

the wind tunnel by Hoydysh and Dabberdt (1994). They found that both models

significantly underestimated concentrations for all wind angles, by up to a factor of 3.

In that same study, a 'hybrid Lagrangian' dispersion model (i.e. a computational, not a

parametric model) developed by one of the authors was also compared, and was found

to perform only marginally better than the Gaussian plume models. This model used a

Lagrangian model for the diffusion, and a modified flow model normally used in

complex terrain wind flow modelling. Although this modelling approach has the merit
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of attempting to model the effect of local advection, the calculation of the local mean

wind field with the use of the modified flow model is of uncertain quality.

Therefore, none of the existing urban dispersion models are applicable to near-field

dispersion modelling at urban intersections, and the development of a specialised

intersection dispersion model has received only very limited attention. Yamartino and

Wiegand (1996) briefly consider a simple methodology for including the effect of street

canyon intersections, as part of the development of the CPBM model. The intersection

was considered in terms of a 'well mixed reactor' that is fed polluted air by one or more

Street canyons, and drained of pollutants by other neighbouring street canyon; A simple

mass balance consideration could thus be used to calculate concentrations within the

canyons using CPBM. However, Yamartino and Wiegand did not have experimental

data to evaluate this approach, and recognised that "a realistic modelling of

concentrations and their gradients within an intersection must involve three-dimensional

aspects of the flow", as for example, "canyon edge vortices".

The present thesis addresses these issues by proposing a parametric intersection

dispersion modelling approach, based on experimental flow and dispersion modelling of

a range of idealised urban intersections.

2.83 CFD simulations on urban intersections

The first CFD study that has focussed specifically on modelling flow and dispersion

around an urban intersection is that by Scaperdas and Colvile (1999). The CFD

simulations were a pilot application of a commercially available finite volume solver

(STAR-CD) using a k-E turbulence model, to simulate concentrations at a routine air

quality monitoring site at the intersection of Marylebone Road and Gloucester Place in

central London. The variation of mean concentration values with roof-top mean wind

direction at the monitoring site was simulated with CFD and compared to that derived

from an analysis of the routine monitoring data (discussed above in 2.8.1).

The simulated pattern had similar features to the monitoring data pattern, predicting the

upwind and downwind canyon concentration ratio closely, as well as the relative

magnitude of the concentration maximum at 0=135°. Although the authors identified
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weaknesses in their CFD modelling approach, their results indicate the potential of CFD

as an auxiliary tool in understanding the near-field dispersion effects of buildings. The

present thesis builds on this early work, with CFD simulations of the flow and

dispersion at idealised urban intersections supported by wind tunnel experimental data.
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Wind tunnel modelling methods

3.1 Background on wind tunnel modelling

As outlined in Section 2.4.2, wind tunnel modelling is a type of physical scaled

modelling. Scaled modelling is based on the fundamental premise that by reducing the

geometrical scale of a given flow domain, and by adjusting reference parameters such as

flow velocity, fluid density etc., the original scale flow can be reproduced correctly.

This can be proved by considering the fundamental equations of flow; for

incompressible, isothermal flow, the continuity and Navier-Stokes equations can be

written in non-dimensional form as follows:

1 a2u1'
	

3-2
-	 Rax;ax;

U'=&-, t'=-t, andRe=I'Rwhere 4=...L,	
UR	 L

p is the density and .t is the molecular viscosity of the fluid. The subscripts and 3are

Cartesian tensor suffices. Subscript R, denotes a constant reference quantity.

It follows that reducing the geometrical scale of a model, L, has no effect on the

equations of flow, provided that the non-dimensional constant Re is the same for both

'full scale' and 'model scale' flows. The physical significance of this constant, the

'Reynolds' number, can be understood as a measure of the relative importance (ratio) of

inertial stresses (pU2) with respect to viscous (frictional) stresses (uU/L).

Matching the Reynolds number of the full scale and model flows (known as 'dynamic

similarity') imposes a strict limitation on the scale reduction possible, especially in the

114



Chapter 3	 Wind tunnel modelling methods

wind tunnel where the values of p and x are identical to values in the atmosphere (in the

water tank these values can be considerably higher). The only reference parameter that

can be changed is therefore the reference velocity UR. For atmospheric flows, a typical

scale reduction by 1O21O3 requires an increase of 1O21O3 in the velocity, which is not

possible to achieve in the wind tunnel.

Various arguments have been presented to justify neglecting strict dynamic similarity,

and using a smaller Re number in a model (Snyder, 1981). The Reynolds number

independence criterion is based on the premise that 'geometrically similar flows are

similar at all sufficiently large Reynolds numbers'. Above a certain Re threshold a flow

becomes turbulent and then the gross structure of the turbulence becomes similar over a

very wide range of Re numbers. There is a large amount of experimental data

supporting this hypothesis, and it is a standard concept used by wind engineering tunnel

modellers (Snyder, 1981).

For dispersion applications, another similarity criterion emerges from considering the

non-dimensional form of the molecular diffusion equation, for the concentration C of a

non-reactive, passive tracer:

ac'+ac'_	 1 a2c'
at'	 'at - ReSc axi3x'

where C'=CICR and Sc = plap is the Schmidt number, and a is the molecular mass

diffusivity. The Sc number for most gases in air is about 1, and in the wind tunnel it is

identical to that in the atmosphere. As a result, for dispersion applications the Re

number similarity is again the limiting criterion.

Another very important consideration in ensuring similarity in the model flow, is the

creation in the wind tunnel of an appropriate incoming flow boundary condition that is

similar to an atmospheric boundary layer. Wind shear in the atmospheric boundary layer

and the presence of the ground have a strong influence on the flow around buildings

(Castro and Robins, 1977). It is now generally agreed that it is essential to match the

atmospheric boundary layer structure both in terms of velocity profile and intensity, as

well as spectral distribution (Snyder, 1981).

3-3
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A model widely used to describe the atmospheric boundary layer in neutral conditions is

the logarithmic wall profile, whereby in the lowest 10-20% of the boundary layer depth

(the 'constant stress layer'), the velocity profile is given by:

U(z) !lfl1
IC (\Z0

where ic=O.4, u. is the friction velocity and Z, the aerodymnamic roughness of the

ground.

A typical value for a neutral boundary layer in the UK is -600m. This is much greater

than the dimensions of a typical building (-lOm), therefore it is important that the

model building is immersed in a comparably thick boundary layer in the wind tunnel.

To generate a deep boundary layer, a wind tunnel needs to have a long development

length and a sufficiently large cross-section. Devices such as vortex generators

(Coumhan, 1969) aid the quick development of a boundary layer, and roughness

elements on the tunnel floor maintain the boundary layer structure along the length of

the tunnel. More details about the simulation, development and structure of a neutral

atmospheric boundary layer can be found in Robins (1979).

3.2 The EnFlo Laboratory meteorological wind tunnel

All wind tunnel experiments were carried out in the EnFlo meteorological wind tunnel.

Its large size (20m long working section, 3.5m by 1.5m in cross-section) allows the

simulation of flows around buildings in a deep simulated atmospheric boundary layer

(Figure 3-1).

The simulated boundary layer characteristics at the beginning of the test section area are

as follows: thickness &-lm, aerodynamic roughness z0=lmm (evaluated using Eq. 3-4

over the range 2d ^ z ^ ö13), and non-dimensionalised friction velocity u*/UR=O.O6

(evaluated from shear stress data), where UR, the reference velocity, is taken to be the

'free-stream' wind speed at the top of the boundary layer.

3-4
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Only neutral atmospheric conditions were modelled in this work, although the EnFlo

tunnel is also equipped with a differential heating facility for the simulation of stable

and unstable atmospheric conditions.

working section length 20m

*	

vorticity
liii	 gene tot

inlet
contraction

liii

'-7/
/ battier

honeycomb wall
screen

b.l. development length 42m 	 test section length -7m

Figure 3-1 The EnFlo laboratory meteorological wind tunnel

3.3 Experimental strategy

The basic arrangement of four buildings (as outlined in 1.3, and illustrated in

Figure 1-3) was systematically varied to explore the effect of different parameters of the

building group geometry. The main parameters varied were the widths (X, Y) and

lengths (Li, L) of the canyons, building offset Dy, and incident wind direction, 0 (using

a turntable arrangement). The height of the buildings, H, and the use of four identical

buildings was kept the same for the majority of cases, with the exception of

configurations where additional blocks were added on top or around the buildings.

The height of the model buildings used was H=12.5cm. Assuming tm-6OOm and

6i=1m, this model building height corresponds to a full-scale height of H-75m,

which is relatively high (typical London building heights -lOm to -50m). It was

necessary to use large model buildings to be able to resolve the flow and dispersion
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field in detail within the street canyons. However, it can be argued that this decision

does not compromise the applicability of this study for two reasons:

(a) since the model buildings were immersed in the constant stress layer of the wind

tunnel (1-lcz20% 8), matching the ratio I-liz0 is more important than matching H18 in

determining a corresponding full-scale size of buildings. To that effect, the model

building and street surfaces were made 'smooth', i.e. their aerodynamic roughness

was much less than z0, as is the case in the full-scale.

(b) the results from the wind tunnel experiments are used to validate the CFD

simulations, and the scale used in both wind tunnel and the CFD simulations was

identical.

Despite the relatively large size of building used, the frontal area of the buildings was

3.3% of the wind tunnel section area, which is less than the recommended maximum of

4% (Snyder, 1981) to avoid blockage effects.

Three experimental techniques were used in the wind tunnel: (a) flow visualisation, (b)

tracer dispersion, and (c) Laser Doppler Anemometry (LDA). Flow visualisation was

the method used at the initial stage of the experimental programme, to explore the range

of possible flow and dispersion patterns obtainable by changing the building

arrangement parameters and to isolate the most interesting cases. The plane of

visualisation was typically parallel to the ground at a height of 2cm (O.6H), and all

observations were recorded on video. Tracer dispersion experiments were subsequently

carried out for selected cases, to quantify concentrations within the intersection canyons

(due to a ground level (passive) release at position S shown in Figure 1-3). Finally,

LDA techniques were used to measure the mean and turbulent quantities of the velocity

field within the canyons, to study quantitatively and in more detail flow patterns

observed during the flow visualisation experiments.
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3.4 Flow visualisation experiments

The flow visualisation technique used was based on releasing a paraffin smoke tracer

upstream of the buildings and using a laser light sheet to illuminate the smoke in two

dimensions (as illustrated in Figure 3-2). Light used to illuminate the smoke becomes

scattered by smoke particles in all directions, and the intensity of scattered light at any

position in the flow is, ideally, proportional to the concentration of smoke particles.

video camera	
wind direction

smoke source

1-'.
1.	 •	 '1) laser sheet

- .	
LDA probe

Figure 3-2 An illustration of the flow visualisation method

The scattered light images observed are therefore equivalent to an instantaneous spatial

concentration field, provided that the incident illumination is uniform and that the

scattered light reaches the observer without subsequent scattering. These conditions can

be difficult to achieve in practice. The incident light intensity falls with distance as the

light sheet expands. Light intensity is also attenuated due to scattering from surrounding

smoke particles, and there is background light and reflections off the model, It is

possible to minimise these effects by (i) using an appropriate (low) smoke density

range, and (ii) compensating for a non-uniform illumination field in the image analysis

stage, by subtracting background illumination and reflections. For calibration purposes.

quantitative tracer dispersion experimental data can be used. In this study however, flow

visualisation images were used only qualitatively.
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The sheet of laser light used was achieved with the use of a cylindrical lens. This type of

light source is sufficiently intense to produce strong backscatter and to allow

observation in virtually perfect 2-D cuts though the flow. Inevitably however, the

opaque model buildings created shadows, which allowed only one street to be

illuminated at a time by the single laser sheet source available.

The smoke source used was slightly intermittent in strength, creating discrete puffs of

smoke that could be easily followed through the flow (in a Lagrangian sense), although

the intermittency of the source also obscured the observation of the inherent turbulent

variability of the concentration field.

The scattered light images were recorded on videotape using a CCD video camera and

were subsequently stored in digital form. Some of the images were processed further

using image analysis software to obtain multiple frame averages, corresponding to mean

spatial concentration fields. Due to the intermittency of the source used (as well as the

practical difficulties discussed above), these averages can only give approximate

qualitative information.

3.5 Tracer dispersion experiments

Dispersion experiments were carried out by releasing a neutrally buoyant gas 'tracer'

into the flow and measuring its concentration using air sampling at selected points

downstream (Figure 3-3).

The tracer used was a gas mixture of 4% ethane in nitrogen. To approximate a passive,

ground level point source, the tracer gas was released vertically downwards out of a

pipe positioned at a small distance over the ground, and with very low initial

momentum (volume flux 3xl0 6 m3s', w0 3x1O4 ms').
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Figure 3-3 An illustration of the tracer dispersion method

The gas sampling system of EnFlo (as described in Hayden, 1998) has the capacity to

collect 16 air samples simultaneously. Each air sample of -300m1 is slowly drawn into

storage coils (at a rate of - lOOmI/min), through sampling tubes positioned at different

locations in the flow. The sampling probes ended into slender tubes (3mm outer

diameter), which were mounted from within the buildings. The probe ends were

positioned flush with the building walls (with the exception of a few cases in which they

protruded from the building walls into the streets) with the purpose of minimising any

disturbance to the flow.

The air samples stored in the coils, were then passed through a Flame lonisation

Detector (FID) to measure the hydrocarbon content of each sample. The output of the

FID is an electrical signal, the strength of which is proportional to concentration. For

calibration purposes, a reference sample of known composition was first passed through

the FID. A background level of hydrocarbons in the approach flow of the tunnel was

also determined by analysing a sample from an extra sampling tube placed upstream of

the buildings.
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The concentration measured with this method is a mean value, averaged over an

effective sampling time Tav, typically 3 to 5 mm. This averaging time, was deemed long

enough compared to the turbulent motion turn-over time, for measurements to be

representative and repeatable. Assuming that the integral turbulent length scale is of the

order of the height of the buildings H, and using either UR or uc as the relevant velocity

scale, the turnover time is of the order of F1IUR=O.l25IO.72TavIlOOO or

Wu* 0.12510.06 'Tav/1OO.

3.6 Laser Doppler Anemometry (LDA) experiments

3.6.1 LDA versus HWA

LDA was chosen as the most suitable method for measuring the flow field in this work.

An alternative method would have been a Hot Wire Anemometry (HWA) approach, but

this was not chosen for a number of reasons:

a) LDA is ideally a non-intrusive technique, since measurements are made via a light

signal (although in practice, the presence of the light source and receiving optics

within the wind tunnel can disturb the flow).

b) The calibration of LDA is much simpler and less time-consuming than for the

HWA. LDA is an absolute velocity meter (the Doppler shift is directly related to

absolute velocity) whereas the HWA has to be calibrated against a reference

anemometer.

c) LDA is a directionally sensitive technique that is ideal for high intensity turbulent

flows. Pulsed wire anemometers would have to be used to detect flow reversal.

d) The spatial resolution of a multi-component LDA is superior to that of multi-probe

HWA.

e) Errors arise in HWA due to 'yaw response' to components of the flow other than

those measured.
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3.6.2 LDA theory and practical application

LDA is a non-intrusive optical method for measuring flow velocity based on the

Doppler effect. The Doppler effect is the change of frequency observed whenever a

source of light (or any type of wave) moves relative to a stationary observer. The

change in frequency ('Doppler shift') is proportional to the velocity of the moving

source.

In LDA applications it is particles carried along by the flow that act as moving sources,

as light from a stationary (reference) source becomes scattered from their surface. Laser

light is used as a source since it is a coherent and monochromatic (of a single frequency)

and is sufficiently intense for a measurable amount of light to be scattered from the

moving particles. In water tank experiments, such particles are present as impurities in

the water, but in wind tunnel experiments suitable particles have to be introduced into

the flow ('seeding').

The frequency f of light scattered from a particle moving with velocity u (Figure 3-4),

is given by:

f I - I &u.(e - e 1 )
	

3-5

where f1 is the incident light frequency, e1 and e, are unit vectors in the incident and

scattered light directions, and c is the speed of light.

Since I u ktzc, the Doppler shift, fD, the difference between the scattered light frequency

f and the incident light frequency f1, may be approximated by writing:

- (c—ue1)

(c—ue)

or

2fIuI .	 -)cos(a)ID	 sin(
c	 2
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11

Figure 3-4 Operating principle of LDA (The particle is moving with velocity u, and is
illuminated by a laser beam with frequency f. Adapted from Absi4 1995)

According to Equation 3-7, the Doppler shift varies linearly with the velocity of the

particle, and therefore the velocity component in any particular direction at an angle a

with respect to u, can be obtained by measuring fD, and the angle a.

For a typical laser source of A.j=500nm (i.e. f 1 = 6•10' Hz) and a particle speed u=l mis,

the frequency shift calculated from Equation 3-7 is 106 Hz, which is a minute fraction of

the incident light frequency (10• f1). To measure such slight frequency difference

between two light beams, an optical interference technique is used, called 'optical

heterodyne detection', whereby the two beams are superposed on a 'square-law'

detector, typically a photomultiplier tube. The output signal of such a detector has an

AC component that oscillates with the required frequencyf-f1.

There are two major 'optical heterodyne' methods:

a) the 'reference beam' method: the scattered light is mixed on the surface of the

photodetector with a reference beam split from the original laser output

b) the 'dual beam' or 'differential' method: two beams of equal wavelengths are used

as shown in Figure 3-5. Both light beams become scattered by a particle moving

through the crossing region of the two beams, and the difference in the Doppler shift

between the scattered beams is measured. Using Equation 3-7, this difference frequency

is equal to:
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ID = Is1 -	 = f 
u .(e, 2 — e11 ) -	 2sin(-O)

I	 —fu
C	 C

where 0 is the angle between the beams, and u, is the velocity component in the plane

of the crossing beams and perpendicular to their bisector.

XI

U

Incident beam 2	 U T a
f,2.e12

Scattered beams 1&2r1 Detector

fi	 fS2.eS2

Incident beam

,e11

Figure 3-5 The dual beam LDA method (from Absil, 1995)

The great advantage of this method is that the frequency differencefD is independent of

the scattering direction. As a result it does not vary across the surface of the

photodetector, and therefore the aperture of the receiving optics can be made large

enough to allow sufficient scattered radiation to be collected, yielding a signal which is

strong and has a high signal-to-noise ratio.

Nonetheless, with this method a particle moving in either a +u or —u direction would

produce an identical frequency difference fD, because it is not possible to measure the

sign of ID with the heterodyne technique. To remove directional ambiguity, the

frequency of one of the beam is shifted slightly relative to the other ('frequency

shifting'), so that:

2sin(--9)
ID = Is! - fs2 = fshifl + U

A,

3-8

3-9
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As a result of this frequency shifting, when u = 0, then fD = f, with negative

velocities producing ID <fstnft and positive velocities ID >fShift. Provided that ID> 0 there

is no longer any directional ambiguity since each value of I fD I is unique. For this to

occur, the value of fj chosen must be larger than thefD of the largest negative velocity

likely to be measured in the flow.

Sophisticated signal processors are required to extract this Doppler shift information

from the scattered light signal measured by the detector. Several different types of such

processors have been developed, employing a variety of signal analysis and validation

techniques. An example of an LDA signal processor is the DANTEC Burst Spectrum

Analyser (Lading, 1987). It performs a spectrum analysis of the scattered light signal

(using a Fast Fourier Transform method), to determine the Doppler frequency difference

peak in the signal. Since white noise has a flat spectrum, this technique is relatively

insensitive to noise.

An LDA system provides information on the velocity signal only when a particle moves

through the measuring volume and that happens at discrete time intervals and at

random. This random and discrete sampling has direct consequences on signal

processing and data analysis of the scattered light signal. A statistical analysis of signals

from a large number of particles is necessary, and adjustments need to be made to allow

for the effect of biased, non-random particle arrival times and velocities. One such

effect is 'velocity bias' (Absil, 1995) and a variety of compensating analysis techniques

are available.

3.63 The EnFlo laboratory LDA system

For the experimental work described in this thesis, a dual beam, optical heterodyne

detection system was used, manufactured by DANTEC. As discussed above in 3.6.1, in

such a system a pair of laser beams of slightly different frequency is used to measure the

velocity component of a particle moving in the region where the two laser beams cross

('measuring volume'). The velocity component measured is in the plane of the pair of

beams and in a direction perpendicular to the bisector of their angle (Figure 3-5).
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Two pairs of laser beams were used to measure two flow components simultaneously.

The laser beams used were the 514.5nm (green) and 488nm (blue) wavelengths of an

Argon-Ion laser, operated at a power of 2W. Figure 3-6 illustrates the details of the

optical arrangement used. The laser beams are launched through four pre-aligned optical

fibres and a lens, housed inside a compact and robust cylindrical casing ('LDA probe').

The back-scattered light is also collected within the LDA probe, using the same optics

as those used for transmission ('on axis' method), and carried to the detector via an

optical fibre. The cross-over distance of the beams (equal to the focal length of the lens)

was -10 cm away from the end of the LDA probe. The measuring volume formed by

the crossing beams was 0.15 x 0.15 x 1.87 mm. The length of the LDA probe was

-10cm, and its diameter -2cm.

laser beans carried by 	 interference fringes
fibre optic cables 	 detector cable lens	 focal length —10cm	 /

LDA probe

tide

Figure 3-6 Description of LDA optical arrangement used (second pair of laser beams
omitted for clarity). Adapted from Hayden (1998)

The light detectors used were two photomultipliers (one for each of the two laser

wavelengths used). The LDA signals were analysed with two DANTEC Burst Spectrum

Analysers (BSA), and the data were subsequently stored and processed by a PC, in

order to calculate mean and turbulent quantities.

An ultrasonic JEM haze generator was used to produce particles suitable for the LDA

measurements. With this method, ultrasonic transducers in a shallow tank of fluid create

-211m size droplets which are blown away from the surface by a fan. The type of fluid

used (supplied by JEM) had a high refractive index, to ensure that the droplets would
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have good light scattering properties. The liquid used also satisfied other criteria such as

being non-toxic, as well as non-corrosive and residual-less to ensure the tunnel and the

laboratory facilities did not become damaged or contaminated. The haze generator was

placed close to the inlet flare of the tunnel and was operated continuously during the

experiments. LDA sampling rates obtained in the empty tunnel with this seeding

method were of the order of 100Hz.

3.6.4 Experimental setup and measurement strategy

Mounting the LDA probe within a model building with an optical window

LDA is a non-intrusive measurement technique provided that the instrumentation from

which the laser beams are launched and detected (LDA probe and optical cables) is

positioned and mounted without causing disturbance to the flow. For this reason, the

LDA instrumentation is often kept outside the wind tunnel (or at a large distance

downstream of the area of interest) and the laser beams are directed into the wind tunnel

to the point of measurement via optical windows and arrangements of mirrors.

Minimising disturbances to the flow was an important issue in this work, especially

since flow visualisation and tracer dispersion experiments had shown the flow to be

extremely sensitive to small changes to the experimental setup. At the same time it was

practically impossible to measure within the canyons by positioning the LDA probe

outside the tunnel or further downstream since the surrounding model buildings would

obstruct straight lines of sight into the canyons. It was also necessary to use the wind

tunnel's automatic traversing system to move the position of the measurement volume;

a manual method would be impracticably time-consuming.

These challenging requirements were satisfied using a novel method developed in

collaboration with Prof. A.G. Robins and Dr P. Hayden at the EnFlo laboratory. The

LDA probe was mounted inside a specially designed model building with an optical

glass window on one side (Figure 3-7). Through this window, the laser beams could

pass virtually unaltered and the 'measurement volume' could be positioned in the

canyons without any interference to the flow.
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Figure 3-7 Experimental setup with the LDA probe placed inside a model building

The probe was connected to the traversing system via a vertical rod, which passed

through a narrow slot on the roof of the building. This allowed motion in the vertical

and the along-slot direction, with a tolerance of a few millimetres for sideways motion.

The slot could be positioned into four different lateral positions by re-arranging two

modular detachable lids on the roof of the buildings.

The EnFlo tunnel traversing system allowed independent motion in the along-tunnel (x),

cross-tunnel (y), and vertical (z) directions. For normal incidence cases, the direction

along the slot (perpendicular to the optical glass window) was aligned to the direction of

the x- or y-traverse. Thus, it was possible to take measurements over x-z or y-z canyon

cross-section planes, at four different distances from the intersection centre (by

changing the positions of the roof slots). For incident wind at an angle, is was not

possible to align the roof slots with the tunnel x- or y-traverses since the buildings were

rotated with respect to the tunnel coordinates. To traverse along the slot direction, the x-

and y- traverses moved together automatically in a succession of suitable small x and y

'steps', within the limits imposed by the width of the slot.

The LDA probe axis was always positioned perpendicular to the optical window. The

two components of flow that could thus be measured were the vertical component of

velocity, w, and the component of velocity perpendicular to the canyon cross-section

plane, U1 (in y-canyons CA and DB, ujv, and in x-canyons AB and CD, u1u).
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There were some problems encountered with this setup. The distance of the measuring

volume from the probe (-10 cm) was shorter than the width of the model canyons

(12cm). Also, when the measuring volume was positioned near the optical glass surface,

strong back-reflections of the incident light beams saturated the photomultiplier

detectors. As a result, it was not possible to measure near the walls, within -2cm, on

either side of the canyons. To minimise back-reflections the optical window was kept

meticulously clean, and all other building and street surfaces of the model were

blackened. Finally, due to the constraint of the size of the radius of the probe, the lower

and upper 2cm of the canyon height were also not accessible. Nevertheless, no other

difficulties were encountered, and other expected problems such as low seeding rates

within the canyons were not significant in practice.

Positioning the LDA into the flow for horizontal cross-section measurements

To measure horizontal velocity components u and v simultaneously, the probe could not

be positioned within a building. Therefore, for selected cases in which the flow was

relatively stable and insensitive to small changes (as observed during flow

visualisation), the probe was placed inside the flow, mounted directly onto the traverse

with its axis in the vertical direction, and was traversed freely in the x-y plane. Thus it

was possible to access down to the lowest 2cm of each canyon with the probe

positioned at a height that cleared the model buildings. With this setup the flow could be

easily mapped without the severe traversing constraints of the 'in-building' method.

However, it was still not possible to access points at distances less than -2cm from the

walls of the canyons (i.e. at less than half the initial distance between the crossed laser

beams) where one of the beams would necessarily impinge on the roof of the model

building.

LDA probe calibration

The position and orientation of the laser beams were calibrated carefully before each set

of experiments. The position of the measuring volume was established with respect to

the traversing system reference with a precision of -1mm (the positioning accuracy of

the traversing system was of the order of -0.1mm). The orientation in which the probe

was mounted onto the traverse determined the orientation of the LDA beams, and to
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measure the desired components (u, v and w) the laser beams had to be aligned in exact

correspondence to the model building walls. Several checks were used, as for example

projecting the four beams onto a distant screen and adjusting the mounting of the LDA

probe onto the traverse until the beams fell onto the correct positions marked on the

screen.

Averaging time and statistical analysis

The measurement averaging times were typically of the order of 5mm (of the same

order as tracer dispersion averaging times), with an average sampling rate of the order

of 100Hz (and a range of 30-300Hz). To ensure that the sample of LDA measurements

was statistically large, the measurement averaging times were increased automatically

for lower sampling rate frequencies. To ensure that the averaging time used was

sufficient for the average value of both the mean velocity and first order turbulent

quantities to converge to a constant value, results from each experiment were checked

by inspection of the time trend of the average measured quantities.

To compensate for statistical deficiencies of the LDA method, the 'arrival time

weighting' correction was used in the analysis of the data (Absil, 1995). This is one of

the methods available for correcting 'velocity bias', based on applying 'weighting

factors' to individual velocity data.

Measurement strategy and planning

Due to the very time consuming nature of the LDA experiments (-5mins per

measurement) the total number of measurements that could be made was limited. For

this reason vertical cross-section measurements were made only across one section

position near the intersection. This position was the same in each experimental case, at

45mm from the end of each canyon, and an array of about 45 measurement points were

used to cover each vertical section. Horizontal section measurements were also only

taken across one section position; this was near the ground (at z=2Omm), and the

density of measurement points across the canyons used corresponded to that of the

vertical sections.
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The sequence in which experimental measurements of vertical sections were carried out

was also planned carefully, with the aim of minimising time-consuming manual changes

to experimental setup. For example, moving the optical window model building was

avoided as much as possible since this entailed a complete dismantling of the LDA

probe mounting, and a thorough re-calibration.

It was possible to vary model building arrangement parameters such as canyon width X

and building offset Dy by simply moving the other model buildings with respect to the

optical window building. A symmetry argument for cases of opposite sign Dy or angle 0

was also used. The geometries of such building arrangements are mirror images of each

other (with respect to the x-axis); therefore by symmetry, flow quantities associated

with a building arrangement of positive Dy or 8 (u +,v+,w+) should also be the mirror

image of those of negative sign Dy or 0 (u,v_,w_), i.e.:

u . (x, y, z) u_ (x,—y, z)

v,. (x, y, z) —v_ (x,—y, z)
	

3-10

w(x,y,z) w_(x,—y,z)

This concept is illustrated in Figure 3-8. It follows that measurements in canyon CA for

negative Dy or 0 should be identical to measurements in canyon DB for positive Dy or

0, with a reversal of the sign of the v component. Therefore, with the LDA probe

housed within building C it was possible to measure not only inside canyons CA and

CD, but also within canyon BD by moving all the other buildings into an arrangement

of opposite sign Dy or 9, and reporting the results transformed according to equations

3-10 above.
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mirror symmetry
of flow fields
	 -

o=+100I'
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Figure 3-8 Expected mirror symmetry of the flow fields associated with building
arrangements of opposite sign Dy or 0

3.7 Data storage and post-processing

Flow visualisation video footage was stored as digital video and converted into

Quicklime® video clips. Visualisation figures presented in the thesis in Chapter 5 were

produced either by extracting single video frames ('snapshots') or by superposition of

frames ('averages') using image analysis software.

All tracer dispersion and LDA experimental data were stored in Microsoft Access®

database form, to manage the large amount of experimental data in the most efficient

way for data retrieval and analysis. The automated data sorting and transformation
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capabilities of the database were particularly useful for a number of repetitive tasks,

such as converting between various local coordinate systems used and carrying out the

mirror image symmetry transformations for cases of opposite Dy and 9.

A variety of graphics software packages (including CorelDraw®, Surfer® and

PROSTAR®) were used to produce contour and vector plots of the measured velocity

and concentration fields.

3.8 Quality assurance of the wind tunnel data

3.8.1 Tracer dispersion experiments

The repeatability of the tracer dispersion experiments was tested with duplicate

measurements from nominally identical, but separately set up experiments. The source

strength was also varied to validate the linear dependence assumption used for

non-dimensionalising the results (Equation 5-1). The analysis of the repeated

measurements is presented together with other wind tunnel experimental results in 5.4.1.

3.8.2 LDA experiments

Due to the long duration of the LDA experiments (6 to 12 hours per experiment), it was

decided not to repeat any of the vertical or horizontal section experiments for the

purpose of testing the repeatability of the measurements. Instead, some of the

measurement positions for the horizontal sections were purposely located along lines

where vertical section measurements were also made, and these 'duplicate'

measurements were compared.

Different methods were used for the vertical and horizontal measurements, since for

vertical section measurements the probe was placed within a measurement building

(causing virtually no flow disturbance) and for horizontal section measurements the

probe was mounted directly in the flow. In order to evaluate the reproducibility of the

LDA results, measurements should ideally have been repeated using each method

separately; nevertheless, the available duplicate results give an indication of the overall

repeatability of the LDA experiments, for both measurement techniques combined. The
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results of this analysis are presented together with other wind tunnel experimental

results, in 5.5.1.
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Chapter 4

CFD modelling methods

4.1 Background on CFD theory

4.1.1 The Governing equations of fluid flow and dispersion

Computational Fluid Dynamics (CFD) modelling is based on the numerical solution of

the governing equations of fluid flow. For an incompressible, constant viscosity

Newtonian fluid, the governing equations of mass and momentum conservation can be

written as:

du.	 d(u,u)	 dp	 du.
p --- + p	 = -	 + p,	 + F. (momentum conservation) 	 4-2

using Cartesian tensor notation, and where u 1 is the flow velocity vector component in

the x direction (x, y, and z), p, is the pressure, p, the density, and p, the molecular

viscosity of the fluid. The term F, denotes external or body forces acting on the fluid in

the x1 direction. Equation 4-2 represents the three momentum conservation equations in

x, y and z, which are also known as the 'Navier-Stokes' equations of fluid flow.

To model pollution dispersion, the transport/conservation equation of concentration C is

also solved:

dC d(Cu,)	 d2C

dt	 dx, =a2+Q

where Qc is a pollutant source term, and a is the molecular diffusion coefficient.

4-3
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4.1.2 The 'Reynolds-averaged' flow and dispersion equations

The flow equations described above are a 'closed' system, since there are as many

unknown quantities as there are equations. In principle, this system of partial differential

equations in space and time can be solved numerically, by prescribing the initial and

boundary conditions of the problem and by 'discretising' the solution space, i.e.

dividing it into small volumes of space (cells), and into small time steps. The finer the

discretisation of the problem in both space and time, the more accurate the resulting

simulation.

However, due to the non-linearity of the Navier-Stokes equations, a very broad range of

interacting and interdependent scales of time-varying motion (turbulence) is inherent

even in flows with the simplest of boundary conditions. The sizes of turbulent motion

(eddies) can vary over more than three orders of magnitude, and the time variation

associated with the smallest eddies is extremely rapid, of the order of less than a

millisecond. For example, in a high Reynolds number flow domain 0.1 by 0.1 m, the

size of eddies would range from 0.1 m to 100pm. To solve the Navier-Stokes equations

directly, would require a computing mesh of up to 1012 cells, with a time step of about

0.1 ms, which far exceeds computational resources available at the moment (Versteeg, et

al., 1995). Direct Numerical Simulations (DNS) have recently become possible in some

simple, low to transitional Reynolds number flows, but are still excessively costly and

are the realm only of fundamental academic research (Mom and Kim, 1997).

Nonetheless, practical engineering applications, including modelling the flow and

dispersion around buildings, require the simulation of turbulent, high Reynolds number

flows. For such applications, an exact description of all the flow scales is not necessary,

and modelling only averaged statistical aspects of the turbulent flow is sufficient.

The averaging of flow quantities is mainly done using the 'Reynolds decomposition' of

a flow variable (e.g. velocity u) into a mean (.) and turbulent component (u'), as

follows:

u(t) = ;z+ .'	 4-4
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Al

where u,---5u,(t)

as At—*oo (or in practice, over a At much in excess of the time scale of the slowest flow

variation).

Applying the Reynolds decomposition to the flow equations (Equations 4-1 and 4-2

above) and integrating both sides we obtain the averaged continuity and 'Reynolds

Averaged Navier-Stokes' (RANS) equations:

dx 
=0
	

4-6

	

du g	d(U,U)	 aj,	 d2U,	 du'u'

	

dt	 dx	
dx2 —p ' ' +F,	 4-7

dx1

By the same token, the transport equation for the concentration C (Equation 4-3) can

also be time averaged, using C C + c':

dC d(CU,)	 d2C d(u1'c')
dt+ d	

=a 2	 +Qdx,	 dxi

The process of time-averaging the Navier-Stokes equations has given rise to new terms

of the form u'u, the average of products of fluctuating velocities, which can be

interpreted as extra rates of momentum transfer due to the velocity fluctuations. These

terms are customarily placed on the right hand side of the RANS together with the other

stress terms, and are referred to as 'turbulent stress' terms, or 'Reynolds stresses'.

Similar terms appear in the averaged scalar transport equation (u,'c'), which correspond

to turbulent scalar transport.

With these additional terms, the total number of unknowns in the RANS now exceeds

the number of four available equations (including the continuity equation); the system is

no longer closed, since additional equations are needed to relate these terms (the

'closure problem of turbulence').

4-8
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4.13 Turbulence models

A turbulence model is an approximation method used to 'close' the system of the flow

and dispersion equations discussed above. For a turbulence model to be useful it must

have a sound physical basis, provide accurate predictions over a wide range of flows,

and be simple and economical to use. There are two main types of turbulence models:

'classical' turbulence models and 'Large Eddy Simulation' (LES). Table 4-1 is a

summary of the most common turbulence models available, from the simplest 'mixing

length' model to the most advanced LES approach. 'Classical' turbulence models relate

the unknown terms of the form u'u (Reynolds stresses) to mean flow quantities, or

introduce additional transport/conservation equations for turbulent quantities, in order to

match the number of unknown terms.

Based on 'closing' the RANS equations

• 'mixing length' models

'Classical' models
	 • k-c models (linear and non-linear)

• Reynolds stress equation models (RSM)

• Algebraic stress models (ASM)

Based on 'space filtered' equations

Large Eddy Simulation	 Flow equations are solved for the mean flow and the largest eddies;

the effect of the small eddies is modelled

Table 4-1	 Turbulence models (adapted from Versteeg et a!., 1995)

For example, the 'mixing length' and 'k-c' models are two well known classical

turbulence models based on the approximation (originally proposed by Boussinesq) that

the Reynolds stress terms are proportional to the gradients of mean velocity. The

Boussinesq approximation is drawn by analogy to the way viscous stresses are related to

the mean gradient of velocity, by considering the physical similarity between the

mechanisms of transport of momentum via random molecular motion (viscosity), and

the turbulent transport of momentum via eddy motion ('eddy mixing'):
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jwx
	 (au,	

viscous stresses
	 4-9

where t1 is the molecular (or 'laminar') viscosity of the fluid, and by analogy, j.t is the

turbulent (or 'eddy') viscosity. Whereas is a property of the fluid, is a theoretical

construct that varies spatially and temporally, depending on each type of flow.

'Mixing length' models calculate p, by relating it to a characteristic eddy velocity scale

U and length scale l, representative of the 'large scale' turbulence in the flow. Using a

dimensional analysis argument:

/4 ocpU	 4-11

To model U, the mixing length model of Von Karman is used:

Uc ic 
dq	

4-12

together with a simple algebraic relation for l, which depends on the application

modelled.

The 'k-E model' is based on a more sophisticated way of calculating p, by expressing it

in terms of the turbulence kinetic energy, k u'u'/2, and the turbulence dissipation

rate, c. This relationship is derived on the basis of Kolmogorov's theory of turbulent

transfer (Tennekes and Lumley, 1972). Most of the turbulent kinetic energy is assumed

to be contained in the large scale turbulence, and assuming that the rate of kinetic

energy transfer from the large scale eddies to the dissipating scale ones is equal to the

rate of turbulence dissipation ,

—k and e- 
ic /Uc	ic

k	 k312

4-13
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Combining this result with Equation 4-11,

p=pC,,k2 /e 	 4-14

where C,, is a dimensionless constant of proportionality. C,, is derived from

experimental data and is generally assigned the standard value of 0.09. The k-c model

also includes two additional partial differential equations for calculating the transport

and destruction of k and c. These are discussed below in 4.1.5.

The underlying assumption of both the above models is that p is 'isotropic', i.e. the

same in all directions. However, in the many categories of flows, the ratio between the

Reynolds stress and the mean velocity gradient is not the same in all directions, and

therefore the use of an isotropic model will lead to inaccurate flow predictions.

The 'Reynolds Stress Models' (RSM), also known as second-order or second-moment

closure models, introduce additional partial differential equations to calculate the

transport of each of the six Reynolds stress terms, in conjunction to the transport

equations for k and £ described in 4.1.5. 'Algebraic stress models' (ASM) are a family

of models that use additional assumptions to reduce the Reynolds stresses partial

differential transport equations used by the RSM, into algebraic equations.

Large Eddy Simulations are a hybrid between DNS and the 'classical' turbulence

models described above. LBS solve the fundamental equations of flow (4-1 and 4-2)

directly on a grid fine enough to capture the large scales of turbulent motion, and the

effects of the small scale ('sub-grid') turbulence are approximated with a model. The

separation of scales is achieved by filtering the flow equations so that the small-scale

motions are removed. The resulting 'space filtered' equations for the large scale motion

contain terms which express the influence of the unresolved sub-grid motions on the

resolved large scales. Thus with LBS a closure assumption is still necessary, but the

larger the dominating turbulence structures are in a flow, the accuracy of the closure

model becomes less influential and the predictions tend to be more successful. A typical

example flows with large turbulent structures are free convection patterns in the

atmosphere (e.g. Nieuwstadt, 1991), nevertheless LBS has also been applied

successfully to bluff-body flow and dispersion (e.g. Murakami, 1993).
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4.1.4 The choice of an appropriate turbulence model

All available turbulence models are approximations, not exact representations of the

flow physics. As a result, a particular turbulence model may be accurate when applied

to some types of flow, but not for others. For example, the simple 'mixing length'

models are effective in modelling simple pipe flow problems, but cannot model high

Reynolds number separated flows. Predicting the level of accuracy achieved by any

given turbulence model, and deciding which model will be the most successful for a

given type of flow is a matter of educated guessing, based on past experience and an

understanding of the approximations on which each turbulence model is based.

At present, the k-c model (Launder and Spalding, 1974) is by far the most widely used

and validated turbulence model. It is more economical to use compared with other more

physically accurate classical turbulence models, e.g. such as the RSM and ASM that

include the effects of turbulence anisotropy. The RSM requires the solution of six added

equations, and is therefore much more computationally expensive than the k-c. ASM

models are a more economical way of introducing anisotropic turbulence effects than

RSM models, since they require the solution of additional algebraic (instead of

differential) equations, but are still more expensive than the k-c.

Well known disadvantages of the k-c model is the assumption of isotropy of j.t (as

discussed in 4.1.3), and a tendency for an 'over-production' of turbulent kinetic energy,

k, in flows with large normal straining rates aU,/ax1 (e.g. in impinging flows), which is

transported downstream in the solution domain compromising the quality of the solution

further away as well. 'Improved' variants of the standard k-c model, such as the 'Chen'

(Chen and Kim, 1987) and the 'Re-Normalisation Group Theory' (RNG) models

(Yakhot et al., 1986), include additional terms in the k and c equations to improve

performance. Previous experience in using these models in bluff-body flows have

indicated that they both perform better or as well as the standard k-c model (Leong et

al., 1994).

'Non-linear' k-c models, which include higher order terms in the k and c transport

equations, are also now becoming available. They are thought to deal more successfully
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with flows in which anisotropy, turbulence intensity gradients or secondary strain rates

are important, with a modest increase of computational cost (Ehrhard et al., 1999a).

Finally, LES modelling offers a fundamentally closer approximation of the flow

equations than any of the classical turbulence models described above. Results of LES

simulations in a variety of flows have been found to provide better predictions than

other turbulence models, as for example in comparisons of 3-D bluff body simulations

by Murakami (1993) and recent ERCOFTAC workshop simulations (Hanjalic et al.

(1998), Hellsten et al. (1999)).

At present however it is not feasible to use LES in practical flow and dispersion

modelling. LES is computationally much more expensive, and applying appropriate

boundary conditions can be problematic; in order to resolve the important scales of

turbulence in a LES simulation, a much finer mesh (and much more detailed input) is

required than that for classical turbulence simulations. Hall (1996a) puts this difficulty

into perspective by comparing the requirements for the typical benchmark problem of

the flow over a surface mounted cube. To model this problem with k-E, a mesh of about

i05 cells would have to be used, and this would take about 10 hours to run using a

workstation (of the same type as that used in this work). By contrast, an LES simulation

would require a much finer mesh, resulting in 200 times more computing time for the

mean quantities, and 400 times more time for some of the turbulence statistics.

Therefore, it was not practically possible to use LES in this work, although it is

considered to be the way forward for modelling bluff body and other flows in the future.

4.1.5 The 'standard' and 'Chen' k-E model equations

From this point onwards, the discussion of CFD theory will be focused on the use of the

k-E model. The two additional partial differential conservation equations used in the

standard k-c model for the transport of the turbulent kinetic energy, k, and of the

dissipation rate of turbulent kinetic energy, c, are given by:

dk	 dUsk	 I4hh1___+pp_ps	
4-15dx1 = ;9;;-	 0k dxi
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de	 d(U.e)	 d	 de	 e

=• i 
°e -;_J+CeiPrP_Ce2P__	

4-16

where P is the shear turbulence production rate:

P=2S----
pdx1

1(au, au
and S(j is the mean shear strain rate, equal to S =	 a + dx, J

In the Chen variant of the standard k-c model, an additional term is introduced in the e

equation, with a new empirical constant C:

de d(U,e) d _____ de	 p2

'dt	 dx1 =;:;- a
	

-J+CeiP7P_Cs2Pj+Ce5P:j-	 447

This additional term represents the effect of a turbulence production time scale, k/P, in

analogy to the dissipation time scale k/c term used in the standard c equation. It is

thought to link turbulent energy transfer and the mean strain rate more effectively,

making the Chen model less susceptible to 'over-production' of k in areas of high strain

rates (a well-known deficiency of the standard k-c model). All standard values of the

empirical constants used in this section are summarised in Table 4-2.

C	 Ce2	 Cd

0.09	 0.75	 1.15	 1.15	 1.9	 0.25	 0.419	 0.4153

Table 4-2	 Standard values for model coefficients of the 'standard'? and 'Chen '*
k-c models

4.1.6 Dispersion model

Since turbulent transport of a scalar is due to the same 'eddy mixing' mechanism as the

turbulent transport of momentum discussed above in 4.1.3, the turbulent scalar flux
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terms in Equation 4-8) can be related to the mean flow properties using the Boussinesq

approximation, by writing:

—r- __
p i 1 c =- ,

) C1 OX1

where Sc is the turbulent Schmidt number, by analogy to the laminar Schmidt number

discussed in 3.1. It is an empirical constant, usually assigned a value close to unity.

4.1.7 Discretisation schemes

The 'discretisation' of the flow equations

To solve the partial differential flow equations described above, the 'finite volume'(or

'control volume') approach is widely used (Versteeg et al., 1995). The flow domain is

divided into individual 'finite' control volumes, also known as computational 'cells'.

The flow equations are then integrated over each cell volume with the aim of

transforming the set differential flow equations into a set of approximated algebraic

difference equations between all 'nodal' points (for 'cell-centred' FV methods, these are

at the centre of each cell).

The general 'integral' form of the conservation flow equations for any given flow

property 4i (e.g. pU, or C) over a control volume (finite volume, FV) can be written as:

s-fsø dVl+ JJn (p0 u)det dt = JJn (f0 grad)dA dt + JJS,dV dt	 4-19

(I)	 (II)	 (III)	 (IV)

where r' is the diffusion coefficient for variable 4', and S is the rate of increase of 4'

due to sources. For the momentum and concentration conservation equation (given in

differential form in Equations 4-2 and 4-3 above), r', corresponds to p. and cx, and S

corresponds to F1 and Q, respectively.

The integral flow equations are 'discretised'(or 'differenced') spatially for each cell to

model the 'advective' and 'diffusive' fluxes across the cell boundaries (terms (II) and

4-18
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(111) above), but also temporally into 'time steps' to model the rate of change (term (I)

in 'transient' applications; for 'steady state' calculations the rate of change term is equal

to zero). A compelling advantage of the FV method is that mass and momentum

conservation is imposed at the control volume cell level, which ensures that the

discretised form of the flow equations integrated over the entire domain is also

conservative.

For steady-state calculations (transient calculations will not be considered further),

spatial 'discretisation schemes' (also known as 'differencing schemes') are the methods

used to approximate the advective and diffusive fluxes between cells, for transforming

Equation 4-19 into an algebraic difference equation for each cell. The choice of

discretisation scheme is a key factor in determining the accuracy and stability of a CFD

solution. Especially for high Reynolds number applications where 'advective' terms

dominate 'diffusive' terms, the choice of the advective flux approximation method is

particularly important. A variety of discretisation schemes are available, and their

relative merits can be compared using various criteria.

The accuracy of a solution obtained using a particular discretisation scheme, for a given

level of mesh refinement, depends fundamentally on its 'order' of approximation.

Differencing schemes are derived by using a Taylor series expansion of the flux values

in terms of nodal distances &, and truncating terms smaller than order Ax'. For any

given discretisation scheme, the order of the difference approximation, n, governs the

rate at which the error tends to zero as the mesh is refined.

Any scheme must satisfy the fundamental criteria of 'consistency' (the form of the

discretised equations should tend to that of the differential equations as Ax—O),

'stability' (does not allow numerical error to become amplified), and 'convergence' (the

solution of the discretised equations tend to the exact solution of the differential ones as

ix—*O). Furthermore, a scheme is 'bounded' if it has the inherent ability to conserve the

physical bounds of the solution variables. It is 'transportive' if it takes the (advective)

flow direction into account to calculate the transport of solution variables from cell to

cell. As a general principle, the use of a transportive formulation is more stable, as are

higher order schemes that involve more neighbouring points to reduce the discretisation

errors by bringing in a wider influence (Versteeg et al., 1995).
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Discretisation schemes

Upwind differencing (UD) is a first-order scheme. It converges quickly, is transportive

(and therefore tends to be stable) and is also bounded. It is only first-order accurate

however, and it is very susceptible to 'false diffusion', an error in the solution that has a

diffusion-like appearance and leads to the smearing of the distributions of transported

quantities, especially when the flow is not aligned with the mesh grid lines.

Central Differencing (CD) is a second-order scheme, which interpolates linearly based

on the nearest neighbour values. It does so irrespective of flow direction and therefore,

it is not always transportive, leading to solution divergence. It is less susceptible to false

diffusion than UD, but can produce 'numerical dispersion' (false numerical advection

which depends on the Peclet number, a ratio of the relative strength of advective and

diffusive fluxes). It is also not bounded and therefore can lead' to physically implausible

results (e.g. negative values of concentration). Hybrid discretisation schemes, blending

CD with UD have been used previously to exploit the stability and bounded solutions of

UD, together with the higher order accuracy of CD.

Other higher order schemes are also used, as for example the third order scheme

QUICK (Quadratic Upstream Interpolation of Advective Kinematics) which fits a

parabola through two points upstream and one point downstream (CD, 1998). A new

second order differencing scheme called MARS (Monotone Advection and

Reconstruction Scheme) was introduced in version 3.05 of STAR-CD (CD, 1998).

MARS is a bounded and robust second-order accurate differencing scheme, which is

considered to provide the least sensitivity of solution accuracy to mesh structure of all

the numerical schemes mentioned above; for this reason this was the scheme chosen for

the simulations presented in this thesis. The efficacy of this scheme, and its relative

immunity to false diffusion and dispersion, is due to the two-step method it employs.

During the first step ('reconstruction'), the gradients of all flow properties are estimated

from a wider influence of neighbouring cells, using a multidimensional 'Total Variation

Diminishing' (TVD) method. During the second step ('advection'), these values are

used to estimate the cell face fluxes for all advected properties using a bounded

advection scheme to take the flow direction explicitly into account.
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4.1.8 Solution algorithms

The 'solution algorithm' is the computational method used for solving the system of

algebraic difference equations resulting from the discretisation methods described

above. The CFD 'solver' is the implementation of the solution algorithm as a computer

code suitable for a given computational platform (typically workstations, mainframes

and supercomputers).

The non-linearity of the set of equations and the interdependence of pressure and

velocity pose challenging problems; these can be resolved by adopting an iterative

solution strategy, such as the SIMPLE or PISO algorithms. SIMPLE ('Semi-Implicit

Method for Pressure Linked Equations') was originally proposed by Patankar and

Spalding (1972). It is a 'predictor-corrector' method; velocities are 'predicted' by

solving the momentum conservation equations using the most recent estimate of the

pressure field, and then the pressure field is 'corrected' by using the imbalances in the

mass conservation equations. The other conservation equations are then solved, and the

procedure is iterated until 'convergence', when the imbalance ('residual') in all

conservation equations reaches a sufficiently low value.

When the predicted value is very different from the converged solution, the correction is

often too large leading to large overshoots that cause divergence of the solution. To

avoid numerical instability, 'under-relaxation' is used at the 'correction' stage; the new

prediction for is obtained by adding a fraction a4 of the correction value ' to the

previously predicted value oId, as follows:

4)flCW 4)0k! + 
a 4)'	 4-20

The larger the value of the 'under relaxation factor'a. used, the faster convergence is

achieved, but this also increases the risk for divergence, and a suitable compromise is

usually sought by trial-and-error.

The PISO algorithm (Pressure Implicit with Splitting of Operators) proposed by

Issa (1986) is based on the same pressure-velocity splitting calculation method as in

SIMPLE, but employs a further 'corrector' step. As a result, it is more suitable for
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transient (time-varying) fluid flow calculations than SIMPLE, which is used mainly for

steady-state simulations.

4.1.9 Mesh design

In CFD simulations a 'mesh' is created to subdivide the flow domain into individual

computational cells, as required by the finite volume method discussed in 4.1.7. As the

mesh becomes infinitely refined, numerical calculations should converge to the 'exact'

solution of the equations, irrespective of the 'discretisation' scheme used. In practical

CFD applications however, only a limited number of cells can be used and therefore, for

a given choice of 'discretisation' scheme, mesh design is the main factor affecting the

accuracy of a simulation.

Typically, the user performs a simulation on a coarse mesh first to get an impression of

the overall features of the solution. Subsequently the mesh is refined in stages until,

ideally, no differences of results occur between successive mesh refinement stages.

Results are then 'mesh independent'. Some CFD codes offer 'adaptive mesh'

capabilities, whereby the mesh is automatically refined as the solution progresses to

resolve areas of the flow where the residuals or discretisation errors are large.

Nevertheless in practice, for complex or large 3-D meshes, successive refinement is a

very time consuming process, and grid independent results are very difficult to achieve

under the limitation of a practicable maximum number of cells (EMU, 1997 and Hall,

1996a).

To use the available number of cells to the best effect, the mesh should be more refined

in sensitive regions of a solution (e.g. in areas of high gradients and near walls) for the

flow patterns to be properly resolved. Designing a mesh to incorporate complex or

detailed boundaries with appropriate differential refinement is subject to a variety of

fundamental limitations, such as meshing connectivity and cell shape constraints, as

well as the practical limitations of the mesh generation capabilities of the CFD software

used.

Many finite volume codes (4.1.8) require the use of 'structured' meshes. In structured

meshes all the vertex points must lie on three families of lines parallel to the curvilinear

149



(c) Arbitrary

(n) Regular (b) IntegraJ

Chapter 4	 CFD modelling methods

coordinate axes of the solution domain; 'unstructured' meshes are not subject to this

constraint.

Even when 'unstructured' meshes can be used, neighbouring cells must be matched

according to certain 'mesh connectivity' criteria in order to relate the cell face fluxes.

Figure 4-1 illustrates three examples of mesh connectivity allowed in the CFD code

STAR-CD (CD, 1998). Cells connected by coincident vertices, are matched 'regularly',

the simplest type of connectivity that can be implemented in a CFD code. An integral

number of cell faces can be matched to a single face ('integral' connectivity), and cell

faces overlapping each other can also be matched 'arbitrarily', provided that there is a

smooth transition between regions of different mesh refinement.

Figure 4-1 Examples of mesh connectivity types for finite volume cakulations

It is also desirable for individual cells in a mesh to have small aspect ratios and internal

angles as near to 900 as possible (see Figure 4-2 for definitions). Aligning upwind faces

of the cells with the dominant mean flow direction is also a good strategy, to avoid

numerical diffusion effects, especially when using low-order discretisation schemes.
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a

b,: aspect ratio	 e: internal angle

Figure 4-2 Definition of cell aspect ratio and internal angle

4.1.10 Boundary conditions

Flows inside a CFD solution domain are driven by the boundary conditions. The most

common types of boundary conditions used are described below.

Inlet boundaries

An 'inlet' boundary is applied where there is flow into the solution domain. The inlet

velocity has to be supplied, and when the k-E turbulence model is used, also the

distributions of k and E.

Outlet boundaries

'Outlet' boundaries are applied wherever the flow is directed out of the solution domain,

and in contrast to inlet boundaries, no information about the outflow needs to be

supplied. The outlet conditions are estimated within the CFD calculation, as a two-stage

process:

(i) the distribution of variables are extrapolated from upstream values, assuming a zero

gradient of all variables along the mesh lines intersecting the outlet surface.

(ii) the outlet velocities are adjusted, to obtain a total outlet flow rate equal to that of the

inlets, to satisfy mass continuity.
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Outlet boundaries should therefore be placed in the solution domain in areas where both

these criteria are physically valid. For example, in modelling the flow around buildings

the outlet should be placed as far from the buildings as possible. Outlets should

definitely be placed outside the near wake of buildings, where re-circulating flows can

result in inflows at a boundary where only outflow is permitted. If they are placed

outside the near wake but not far enough, so that the flow is not fully developed (i.e.

gradients in the flow direction are not zero), the resulting solution may also still be

wrong.

Symmetry boundaries

A 'symmetry' boundary is placed on surfaces where the normal velocity and normal

gradients of all other variables is zero. This applies along planes of symmetry of a flow

domain, but is also used at the 'free stream' sides of a flow domain.

Wall boundaries and near-wall models

In high Re number k-E simulations, wall boundaries are usually defined with the use of

'wall functions'. Wall functions are algebraic 'law of the wall' representations of the

velocity and turbulence within the wall boundary layer.

For smooth walls, wall functions commonly used in high Re number turbulent flows are

those proposed by Launder and Spalding (1974):

where u=u/u, u is the fluid velocity tangential to the wall, u= (tjp)" 2, r is the wall

shear stress, yis equal to pC"4 k 2y/.t and K, is Von Karman's constant (-0.4). E is an

empirical roughness constant, equal to 9.8 for a fully smooth wall. The change-over

value of y,	 satisfies the equation:

: ...J.ln(Ey) = 0
	

4-22

the soluton of which yields y4 m=l 1.63 (using E=9.8).
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Turbulence quantities are described by:

k = C"2 and e= C'4/ic

where kkp/r e'= eyik3'2

For fully rough flows, wall functions commonly used are (CD, 1998):

+	 1	 y—D
u =A+—log

K B^CR

where:

D=p C,/'4k1'2 Dip

R'=p C,1 k"2 Yo i/i

and A, B and C are empirical constants, D is the 'displacement thickness', and yo is the

roughness height. The value of D is such that the fluid velocity goes to zero at a distance

of yo+D away from the wall.

Wall functions are an effective and computationally cheap way of including the effect

of walls. This representation of the boundary layer is nonetheless an approximation and

its success depends on the degree to which the assumptions and approximations

underlying these functions are realistic in any given application.

Another way to model the effect of near-wall regions is to use two-layer models. A low

Reynolds model is used in the near wall region (where the flow is slow and viscous

effects dominate) and a high Reynolds number model in the rest of the domain. This

approach requires a very refined mesh in the near wall region which can be

computationally very expensive.

153



Chapter 4	 CFD modelling methods

4.2 Description of modelling strategy adopted

4.2.1 The choice of CFD software

In the academic community, 'in-house' and 'custom-made' CFD software has

traditionally been used for near-field dispersion applications; CHENSI (Sim

et al.,1996), MISKAM (Ketzel et al., 1999), and MIMO (Ehrhard et al., 1999b) are well

known examples. However, the development and maintenance of a CFD code is a

highly time-consuming and complex task that requires advanced programming and CFD

knowledge. Therefore, for this study (as for a rapidly increasing number of other

studies) a commercially available code was used instead. The code used was STAR-CD,

one of the established commercial industrial CFD codes (FLUENT and CFX are

examples of other available codes). STAR-CD is marketed and developed by

Computational Dynamics (CD), a UK-based company with relatively long experience

and extensive expertise in the field of CFD.

Nearly all CFD codes used in dispersion modelling, whether academic custom-made or

industrial general purpose, use the same type of solvers, numerical schemes and

turbulence models that are available in the open literature. The use of advanced

industrial CFD codes such as STAR-CD offers many advantages. Not only is the user

saved the time and resources necessary for the development and maintenance of an

in-house CFD code, but also the computational methods are regularly updated, and the

software is robust since it is continuously checked for software 'bugs' by a wider

community of developers and users. CFD software development companies and a

network of other users offer valuable technical user support and 'best practice'

guidance. CFD software packages also offer powerful graphics and pre- and post-

processing capabilities, which greatly aid mesh generation, problem specification and

solution presentation.

Nevertheless, irrespective of the CFD software used, the user needs to be equipped with

considerable expertise to make the most appropriate use of the code's capabilities for

each specific situation. Modelling any particular problem with CFD requires a wide

range of user inputs and decisions (e.g. meshing details, boundary conditions) and as a

result, different users using the same code could arrive to quite different solutions, as
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was found in the EMU project (EMU, 1997). For this reason the strategy adopted in this

work is carefully laid out in this section, together with a description in 4.3 of the quality

control methods adopted.

4.2.2 The STAR-CD modelling software

STAR-CD is a three-dimensional finite-volume CFD code, offering a variety of

classical turbulence models and discretisation schemes. It uses robust solvers based on

steady-state and transient algorithms, and can support arbitrarily matched unstructured

meshes (CD, 1998). STAR-CD has a flexible, modular structure. Within this structure

many alternative differencing and turbulence models are accessible, together with a

variety of additional physical models and computational routines. STAR-CD includes

most of the specialised features included in purpose-made CFD codes for dispersion

modelling, e.g. scalar dispersion, chemical reaction and radiation modelling.

Although the user does not have access to source code (to read or to modify), the model

can be customised to a great extent to the specifications of the user by using user

programming ('user subroutines' written in FORTRAN) or by activating 'switches'

provided by the software developers upon request.

Mesh generation, boundary condition specification and the setting of solution control

parameters are tasks carried out within STAR-CD using the pre- and post processing

code PROSTAR. The user interacts with PROSTAR via 'command line' programming,

or with a menu and icon-based 'Graphical User Interface' (GUll). Once the fluid domain

information is specified completely, PROSTAR generates input files for the CFD solver

STAR. The output of the solver STAR is then used by PROSTAR, for post-processing

and displaying of the results of the calculation.

4.2.3 Computational resources used

All computational work was carried out on a 143 MHz SUN Ultra-Sparc 1 workstation,

running on a UNIX operating system (SOLARIS V.5) with X-motif graphical

capabilities. Using this single workstation was considered a more practical and

streamlined approach than using university supercomputer time (eliminating problems

such as job queuing and software licensing).
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For a CFD model of about 200,00 cells (as used in this work), the memory requirements

of the pre- and post-processor PROSTAR was of the order of 100Mb and of the solver

STAR, 80Mb; to accommodate these requirements the RAM memory of the workstation

was increased from 128Mb to 256Mb. CPU time for the CFD runs was of the order of

2 mm per iteration for a 200,000 cell case simulation with the MARS discretisation

scheme; about 600 iterations were necessary for convergence, leading to a total of 18

hours CPU time per run.

4.2.4 Solution domain and mesh design

Solution domain

The solution domain for all cases was a rectangular box surrounding the group of four

buildings, with inlet, outlet, wall and symmetry planes applied on each face as shown in

Figure 4-3. The extent of the solution domain was determined by the position of the

boundaries, since these had to be positioned at a sufficient distances away from the

buildings, well away from the buildings' displacement zone and re-circulation areas.

Hoxey and Richards (1993) measured the distances away from a full-scale building at

which static pressure results were affected by more than 5%. These distances can be

used as an indication of the minimum extent of a CFD domain. Distances used in

previous studies for the inlet, outlet, top and side boundaries of the domain, were

reviewed by Hall (1996b). These distances are presented summarised in Table 4-3,

alongside those chosen in this study. The lateral extent used in the first set of

simulations carried out in this study (normal wind direction cases) was identical to that

of the working section width of the wind tunnel (with side screens in, i.e. 4H), which is

a relatively small value. The lateral extent used for subsequent simulations of wind at an

angle was increased to 7H, and the upwind distance was also made greater (15H) to

improve the quality of the mesh (by maintaining the internal angle of cells as close to 90

degrees as possible).
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Figure 4-3 The solution domain and boundary regions

Meshing strategy

Although the geometry of the solution domain was relatively simple (all buildings were

identical and orthogonal), a complex mesh was used to achieve increasing refmement

near walls. The overall strategy in designing the meshes was based on achieving the

best compromise between mesh connectivity restrictions and desirable cell

characteristics, given the limitations of the mesh generation strategies used and the limit

of the total number of cells. After some initial experimentation it was found that for the

computational resources available (4.2.3), a calculation involving about 200,000 cells

using the MARS discretisation scheme, required —18 hours of CPU time. Since a

number of different cases were to be modelled (and also, due to computational system

memory limitations) it was decided that the size of the meshes were not to exceed

200,000 cells.
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Distance corresponding to a

Experiment (full-scale single building) 	 5% change in measured static pressure

	

upwind	 downwind	 lateral	 vertical

Richards and Hoxey (1992)	 5H	 3H	 5H+	 -

Distance

CFD single building	 between buildings and edge of domain

	

upwind	 downwind	 lateral	 vertical

Benodekar et al. (1984 and 1987) 	 6H	 12H	 5H	 9H

Murakaini and Mochida (1988)	 5H	 1OH	 9H	 5.5H

Delaunay et al (1995) 	 6H	 40H	 5.5H	 5H

Hall (1996b)	 5H	 10-16H	 SH	 5H

Minimum distance

Present study (group of buildings)	 between buildings and edge of domain

	

upwind downwind	 lateral	 vertical

normal cases (0=00)	 5.5H	 16H	 4H	 8H

angle cases (0=10°, 30°) 	 15H	 15H	 7H	 8H

Table 4-3	 Comparison of solution domain dimensions (based on Ha14 1996b)

Thus, the overall strategy in designing the meshes was based on using the best

compromise between mesh connectivity limitations, desirable cell characteristics, and

available mesh generation capabilities, to produce meshes with increasing refinement

near walls, within the limit of the this total number of cells.

Meshes must be particularly fine near the building walls for the k-E model to predict

separation and re-attachment correctly; Hall (1996a) suggested that the refinement of

the mesh should increase near building walls, with the finest cells being of the order of

at least HJ15. Previous CFD modelling studies of flow and dispersion in 2-D street

canyons have used an array of at least lOxlO cells within canyons. With cells more

refined towards all walls and building edges using a geometric ratio expansion of 1.1,

and with 10 vertices along the height and width of each canyon, the finest cell achieved

is of the order of H/12. After some initial experimentation, and considering the number

of cells used in previous single building simulations, it was found that a domain of such

refinement would be near the limit of -200,000 cells.

Achieving a 'mesh independent' solution, i.e. demonstrating that the solution does not

change with increased mesh refinement, is a severe requirement that is usually
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impossible to achieve in practical 3-D bluff-body problems with a limited number of

cells. Also, since a number of different building arrangements were to be modelled in

this study, it was decided that only one stage of mesh refinement would be used for each

mesh, and that meshes would be as refined as suggested above.

With this strategy it was still possible to subsequently refine particular areas in the

domain (e.g. the building group wake, or within canyons), using 'embedded' refinement

(a subdivision of existing cells by an integral number). It was found nevertheless that

cells adjacent to walls within canyons could not be refined further, due to y constraints

(discussed below in 4.2.5 and 4.3.4).

STAR-CD supports unstructured meshing and all the mesh connectivity types described

in 4.1.9. The meshes were generated within PROSTAR, using the following three

techniques, as illustrated in Figure 4-4:

(a) Vertex-based cell definition: Cells are generated from an array of individually

defined 'vertex' points.

(b) The multi-block method: the domain is divided into a number of conveniently

shaped hexagonal blocks, which are then filled with cells with an automated

procedure. To define the number and widths of the generated cells, the number of

cell widths along each of the block edges is specified (the widths can be either linear

or expanding by a geometrical series ratio).

(c) The surface extrusion method: a 3-D mesh is created from the outward extrusion

of a surface divided into two-dimensional cells.
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a) ivrtex-based b) block-based c) surface extrusion

I	 I	 I
I	 I	 I

resulting mesh

Figure 4-4 Typical mesh generation techniques

Normal wind direction meshes

For normal (9=0) wind direction cases the multi-block approach was considered to be

the most appropriate strategy. With this method, spaces around the arrangements of four

rectangular buildings could be created with simple mesh blocks, the size and position of

which could be conveniently modified to create offsets of buildings or changes of street

width.

To achieve regular matching of cells, all blocks sharing common edges had the same

number of vertices and spacing ratio definition. To minimise the number of blocks

necessary to build the mesh, trapezoidal blocks, instead of orthogonal ones, were used

(as shown in Figure 4-5. This approach required 40 'hexahedral blocks', and the

resulting mesh (e.g. corresponding to the basic building arrangement) is shown in

Figure 4-6.

In this type of mesh, the internal angle of many cells deviates considerably from the

ideal 90° value, and upwind mesh cell faces are at an angle to the incident wind

direction, which are negative features in a mesh. However, both these problems did not
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apply to the cells near the area of interest, and the numerical scheme MARS used for the

final simulations is not particularly sensitive to such mesh features.

______ 1	 11	 ____________________

Figure 4-5 Block structure used for the normal incidence meshes
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Figure 4-6 'Normal' mesh structure

Incident wind at an angle meshes

For incident wind directions at an angle to the four buildings, a different approach had

to be used. It was not possible to rotate the position of the meshing blocks used for the

normal wind direction meshes due to the connectivity constraints described above. A

simple method to deal with this problem would have been to introduce the incoming

wind field through two faces of the solution domain at the required angle, and place

outlets on the remaining two faces. This technique has been employed in previous CFD

studies of single buildings at oblique wind incidence, but this was not used in this study.

Instead, a 'turntable-type' mesh design was aimed for (corresponding to the

experimental set-up in the wind tunnel) with an inner cylindrical part that could be

rotated to orient the buildings at any given angle relative to the domain walls. Mesh

blocks in STAR-CD can have curved edges, and thus a turntable mesh could in theory

be constructed with the meshing block approach. However, this proved too complicated

in practice and was not carried further.
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Another solution to this problem was used in project EMU for simulating near field-

dispersion around buildings using STAR-CD (EMU, 1997). With this strategy the mesh

is built by 'extrusion' of a surface. The surface incorporates a circular disk that can be

rotated at any given angle (as illustrated in Figure 4-7). A step-by-step procedure is used

to fill the three main parts of the surface (the rectangular area around the buildings, the

circular disk of the turntable, and the rectangular area around the edges of the domain)

with suitably aligned and matched vertices, which are then used to generate 2-D cells.

The 3-D mesh is created by uniform extrusion of the surface, and differential refinement

in the vertical is then achieved by suitable re-arrangement of the position of individual

cell vertices.

Figure 4-7 'Angle' turntable mesh structure

This was the strategy adopted for the case of wind incidence at an angle (Figure 4-7

shows the x-y plane of the mesh used for 0=100); the same mesh refinement was used

near the buildings as for the normal wind direction meshes described above (Figure

4-8).
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Figure 4-8 Mesh refinement at the intersection area (left: 'normal' mesh, right:
'turntable' mesh)

4.2.5 Boundary conditions

Inlet boundary

An inlet boundary condition was specified at the tunnel inlet face of the meshes, which

was placed at a distance of at least 6H from the buildings, to ensure that the inlet would

be well upstream of the flow region altered by the presence of the buildings (as

discussed above in 4.2.4).

The inlet boundary was defined in such a way as to reproduce the incident flow in wind

tunnel working section as closely as possible. Vertical variation profiles for the inlet

velocity U, as well as for k and c, were specified over the entire upwind face of the

domain as described below:

	

U = !.-...ln(-L.')	 4-27
K	 lzoJ

k = u	 4-28

e= u 3/,c(z+ z,)
	

4-29
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where C, = 9• l0, K is Von Karman's constant (=0.4), and u can be calculated on the

basis of a reference velocity UR at a height ZR, using

_URK

lnIL
I	 4-30

Zo

These profiles are recommended by Richards and Hoxey (1993) for the simulation of

wind field around buildings in the atmospheric surface layer, using the k-c turbulence

model. These profiles are used to simulate a horizontally homogeneous boundary layer,

across which the shear stress is constant and the vertical velocity and pressure gradient

is zero. Equations 4-28 to 4-30 also satisfy the conservation equations for k and c used

in the k-c turbulence model, provided that constants a, C1, C2 and C are related

according to:

K
=

(C2 -C1)4JC
	

4-31

Richards and Hoxey (1993) argue that the standard values suggested by Launder and

Spading (1974) do not satisfy the above criterion, and that other values should be used

instead. They suggested a set of mutually consistent values for these constants, based on

field data, but conceded that these were only a suggestion and not rigorously tested.

Berkowicz et al (1997) also suggest that the value of C = 0.03 is more appropriate for

atmospheric flows rather than the standard C value of 0.09 which was derived for

engineering flows; nonetheless they mention that the differences obtained by using

different values for this coefficient appeared to be small. In this work standard values

for the constants were used, as summarised in Table 4-2.

These profiles defined by Equations 4-27 to 4-30 are only strictly applicable for

simulating the constant stress surface atmospheric layer, which is generally taken to

occupy the lowest 10-20% of the boundary layer thickness. However the wind profile in

the wind tunnel observed could be closely described as logarithmic up to top of the

boundary layer at z=lm, and this was also used in the CFD simulation.

The value of UR used in all simulations was equal to lOms', with a corresponding value

of u.=0.58. This value for UR is high compared to that used in the wind tunnel (-2ms'),
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but can be justified with the use of the 'Reynolds number independence' criterion,

discussed earlier in 3.1. The reason for selecting such a high value was to avoid y

criterion problems, especially near canyon walls where velocities are about 1% of UR.

The mesh used was too refined near the walls of the canyons for y to be in the desired

range when UR=2ms' was used, but with UR=lOms' all solutions had 10<y<1 100 in

the entire domain. This may be considered a satisfactory compromise since the

advisable range is 20 	 500(4.1.10).

Outlet boundaries

An outlet boundary condition was specified over the outlet face of the meshes, which

was placed at -16H downstream of the buildings (as discussed in 4.1.10). This was

considered a reasonable compromise, since it is away from the simulated re-circulation

near wake of the buildings, and reasonably far from the buildings for the gradients in the

flow direction to be zero.

Wall boundaries

No-slip, wall-function boundary regions were assigned to the model, as described in

4.1.10. A smooth wall region condition was defined on the building and Street surfaces,

using E=9.8, since as discussed in 3.3, the surface of the model buildings used in the

wind tunnel were aerodynamically smooth. By contrast, a rough wall region condition

was applied to the ground around the group of buildings, with a roughness of

yo=zo=O.00l m, to match the roughness of the wind tunnel floor.

Symmetry boundaries

Symmetry boundaries were placed at the top and sides of the domain instead of wall

boundaries. A symmetry boundary condition forces the normal component of velocity

and the normal gradient of all other quantities to zero. This condition does not strictly

correspond to that of the wind tunnel experiments, where the flow was confined by

walls on the sides and the top. However, symmetry boundaries were used on the

assumption that the presence of the side and top walls in the tunnel did not affect the

flow at the areas of interest to any significant extent.
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Modelling the tracer source

Various approaches could be adopted in modelling the tracer source. One example is the

use of an inlet boundary to introduce a small volume flux of air c1 of an initial

concentration CO3 matching the tracer mass rate release 4' C0 to that used in the wind

tunnel. Another is to introduce the tracer as a constant mass flux rate directly into the

computational cells adjacent to the source area, without influencing the surrounding

flow field. Both methods were used, but the latter one was preferred for the final set of

simulations.

4.2.6 Numerical methods used

The STAR-CD software incorporates the standard k-c turbulence model, as well as the

RNG and Chen variants (4.1.4, 4.1.5). The turbulence model chosen for the CFD

simulations was the Chen model, because it is considered that it performs as well as, or

better than the standard k-c model, with little added computational expense (4.1.4). The

model used to model turbulent dispersion is as described in 4.1.6, with Sc1=O.9.

The discretisation scheme UD was used for the initial exploratory runs; although it is

the least accurate of schemes available with STAR-CD, it is also the least

computationally expensive and most stable scheme. The second-order accurate scheme

MARS was used for all subsequent runs (as discussed in 4.1.7). The solution algorithm

used for all runs was steady-state SIMPLE (4.1.8).

4.2.7 Convergence criteria

The following criteria were used to judge the convergence of all runs:

(i) that the 'global absolute residual' for all solution variables (apart from c) had fallen

below a user prescribed value r (typically i=1O)

(ii) that values of flow field variables at a pre-defined 'monitoring location' had

stabilised, i.e. their variation was less than a given tolerance.
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The 'residual' r of a flow property 4), in a computational cell k, is a measure of the

imbalance in the finite volume (FV) solution in the cell arising from incomplete

solution. The 'global absolute residual' R 4 is computed by averaging the residuals over

all cells in the domain, and dividing the average by a normalising factor M

R
	 (4-32)

0

where M is assumed equal to the flux of 4) into the computational domain as specified

at the domain inlets. Therefore, specifying a value 1 = iO 3 for convergence is equivalent

to requiring that the average value of the residual of velocity components u, v, w, mass

flux, k, and the scalar is less than 1 %o of the mass, turbulence kinetic energy and scalar

mass introduced into the domain.

An indication of good progress of a computation towards convergence, is a monotonic

reduction of residuals from iteration to iteration. Rapid divergence, or oscillations in the

value of the residuals ('wiggles') can be the result of high under-relaxation factors

leading to continuous over- and under-shot. In such cases, the specification of

appropriate under-relaxation factors (as discussed in 4.1.8) was optimised by

trial-and-error. Divergence or oscillations, can also be the result of the inherent physical

unsteadiness of the flow solved, whereby a range of solutions are possible and a

'transient' instead of a 'steady-state' algorithm should be used. The evolution of the

residuals during the computation was checked for all CFD calculations, by plotting the

variation of the global absolute residuals for each run.

4.2.8 Pre-processing

The pre-processing stage involves the specification of the mesh, boundary conditions

and solution parameter values in the format required by the CFD solver. As with most

commercially available CFD codes, in STAR-CD this task is carried out within a pre-

processor program (PROSTAR) by typing in a set of commands, or using a menu- and

icon-based GUI (Graphical User Interface).

On the one hand, the GUI input approach seems to be favoured by CFD developers as a

more 'user friendly' method, since it does not require the user to know the specialised
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pre-processor commands. On the other hand, using commands offers the compelling

advantage of automating the entire task of setting up the mesh and solution parameters,

with the use of command 'scripts'. Problem specification and data input using the GUI

can only be 'manual' and it is difficult or impossible to keep a record of the user

actions. Using a script is an entirely reproducible method for defining a mesh or

boundary conditions and parameters, as well as a clear written record of all problem

parameters used for setting up the model.

Writing scripts requires a detailed knowledge of the commands and may initially prove

more time-consuming, but overall, executing scripts is far more rapid than 'manual'

input and a much more streamlined approach for implementing changes or rectifying

errors during mesh generation. This is particularly useful for complex mesh generation,

and for parametric studies, which involve systematic variations to a baseline mesh.

For all the above reasons, the command approach is considered to be a superior method

for carrying out pre- and post-processing tasks. A hybrid GUI and command approach

was used initially to generate all the 'block-generated' mesh type cases, but scripts were

subsequently used to generate the 'extrusion-turntable' meshes, as well as for all the

post-processing tasks described below.

4.2.9 Post-processing

The 'post processing' stage involves the analysis and presentation of CFD solution data.

These tasks can prove very time-consuming since a large amount of three-dimensional,

multi-parameter data is generated by a CFD calculation. For this reason, the post-

processing strategy was carefully thought out in advance and most of the tasks were

automated with PROSTAR 'scripts' and the use of databases.

CFD solution data at points corresponding to the wind tunnel experimental data ('sensor

points') were interpolated from cell nodal values using the 'inverse distance weighting'

method within PROSTAR. Since the emphasis in this work was to evaluate the

performance of the CFD against experimental data, the CFD post-processing analysis

was simplified by focussing only on 'sensor point' data, which were stored separately

and compared to experimental data using specially designed Access © databases. All
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CFD sensor data were plotted in the same format as wind tunnel data (as vector or

contour plots) to allow a direct comparison between model and experiment. Vector plots

for both CFD and wind tunnel data were produced using PROSTAR, and edited using

graphics software CoreIDRAW©. Contour plots were produced using graphics software

SURFER© and the 'kriging' method of interpolation.

4.3 CFD Quality control

4.3.1 Background

CFD modelling is becoming increasingly popular in the air pollution dispersion field. At

the same time, there still is a large modeling uncertainty inherent in simulating high

Reynolds number flows, especially 3-D bluff-body flow and dispersion, using the

limited turbulence models currently available. Furthermore, there have been only very

few validation and inter-comparison studies of dispersion simulations. Therefore, there

is a compelling need for CFD dispersion studies accompanied by full-scale or physical

modeling experimental data; and although 'successful' CFD studies that show good

agreement with experiment are more likely to be published, studies that show

disagreement are also indispensable for making a realistic assessment of CFD

modelling.

The EMU study (EMU, 1997) has recently addressed the important issue of CFD

modelling uncertainty due to users, rather than due to limitations of the CFD

methodology per se. Four independent expert CFD users were asked to model a given

set of dispersion problems, ranging from a single building on flat terrain, to a group of

buildings on complex terrain; despite having used the same code (STAR-CD) and

turbulence model (standard k-E), there were significant differences in the results. These

discrepancies were due to different user decisions on mesh design and discretisation

scheme, as well as user errors in posing the problem to the CFD code.

In a review of CFD applied to near-field dispersion, Hall (1996a) emphasised the need

for formulating 'best practice CFD guidelines' to help CFD users make more informed

decisions on mesh design, and modelling strategy in general. Adopting strategies for
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eliminating 'user error' is also a crucial task, since there is significant scope for

mistakes and omissions during mesh design and the specification of boundary

conditions, even amongst experienced CFD users.

An important aspect of this study has therefore been to actively address CFD 'quality

control' and model evaluation issues. Bntter (1991) divides the task of 'model quality

evaluation' into the following three broad categories: (i) assessment of theoretical

principles and assumptions, (ii) verification, and (iii) validation. 'Verification' is

distinct to 'validation', in that it refers to checking the correct implementation of the

model concepts, whereas the later refers to comparisons of model output with

theoretical or experimental results. Key tasks appropriate for CFD modelling in

particular, are proposed in The procedures for implementing quality control in this

work, are described in detail in the following subsections.

Assessment of theoretical principles and assumptions

• Turbulence models and numerical methods used
• Modelling strategy (mesh design, boundary conditions, convergence criteria)

Verification

• verification of CFD solver and coding
• verification of user inputs
• check monotonic solution convergence
• demonstration of solution mesh independence

Validation

•	 solution plausibility
• user decision sensitivity analysis
• comparison with analytical solutions
• comparison with experimental results

Table 4-4	 A quality controiframework for CFD modelling

43.2 Assessment of theoretical principles and assumptions

The theoretical principles underlying CF'D, i.e. turbulence modelling, and numerical

methods were described in detail in 4.1 above, with a critical discussion of the criteria
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for the selection of the Chen k-E turbulence model, dispersion model, discretisation

schemes, solution algorithm, and CFD code. Particular effort was also invested into

providing a clear and transparent account of all aspects of the modelling strategy

adopted (4.2), from mesh design, and boundary condition definition, to solution

convergence criteria.

433 Verification

A CFD model verification should involve checking the CFD code (i.e. software quality

control) and checking for user input errors. Since a reliable commercial CFD code was

used in this work, the emphasis in this section is on verification techniques used to

reduce the possibility of user error.

As discussed previously in 4.2.8, pre- and post-processing tasks in most commercially

available CFD codes are carried out either by typing in a set of commands, or using a

menu- and icon-based GUI. In contrast to manual GUI input, the automated command

approach is an entirely reproducible method for defining a mesh or boundary conditions

and parameters, as well as a clear written record of all problem parameters used for

setting up the model. As such, it is considered as the most reliable method for mesh

generation and problem definition, since it minimises the possibility of user error and

facilitates the checking process.

Once each CFD problem was defined, specified values of boundary and solution

parameters were systematically checked against intended values by using a detailed

inventory form, which was filled in for each of the CE). The forms proved very useful,

not only as a verification tool, but also as a record of the parameters used for each run.

4.3.4 Validation

Solution plausibility checks

Mter having verified the mesh structure and boundary conditions in the pre-processing

stage, the solutions were thoroughly checked in terms of physical plausibility. Even if a

CFD case has been defined according to the user's intentions, problems may arise due

to factors that are difficult to anticipate. A typical example is the criterion at the wall
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boundaries not being satisfied in the solution. In cases where the yf criterion is likely to

be a problem the distribution of y on all wall boundaries should be plotted, to check if

the range of y4 values obtained is appropriate, If not, the mesh or velocity boundary

conditions should be modified (as discussed later in 6.3.1).

Checking the physical plausibility of the solutions involves systematically identifying

expected and unexpected features of the flow. Examples of abnormal features checked

for were sudden changes across differently refined or skewed portions of the mesh,

abnormally high values of turbulence energy, suppression of streamline curvature

forced by symmetry boundaries placed too close to the wake of the buildings, and

wakes extending too close to outlets and inlets.

'Empty tunnel' analytical validation

In the absence of buildings inside the modelled domain, the flow and dispersion fields

in the 'empty tunnel' have analytical solutions that can be used as a simple preliminary

validation of the CFD.

The inlet conditions used for the incoming wind stream (Equations 4-27 to 4-29) are an

exact solution of the k-c model (Richards and Hoxey, 1992). Therefore a CFD solution

for an 'empty tunnel' domain over a flat rough wall should preserve all profiles of

velocity, k and c throughout the domain. Spatial variations in an 'empty tunnel'

simulation would indicate mesh dependent effects.

The dispersion field from a point source on a flat, rough surface (as that used in this

work) cannot be calculated directly analytically on the basis of the incoming wind

stream conditions and the roughness of the surface. Boundary layer similarity theory

applied to dispersion (e.g. as described in Pasquill (1974) or Arya (1999)) can be used

to estimate the vertical growth of the plume in terms of downstream distance using:

,thX = Z, ln(cZ.)
	

4-33
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where X. and Z are the along-wind and vertical plume widths, non-dimensionalised

with respect to the roughness of the surface z0. However empirical constants b and c are

involved, which have to be determined.

The wind tunnel modelling carried out in this work included tracer dispersion

measurements in the empty tunnel, without buildings. The simulated dispersion field in

the 'empty tunnel' CFD solutions were therefore validated against the available

experimental data, rather than using an analytical correlation as described above.

Validation against wind tunnel data: methods used

There are many different approaches that can be used to validate CFD simulation results

by comparison to experimental data. These fall into two main categories:

i) contrasting simulated trends or patterns against corresponding experimental ones,

presented as one-dimensional graphs or multidimensional contour plots. This allows

both a quantitative and qualitative comparison to be made.

ii) using a statistical analysis to compare an ensemble of simulated and experimental

data pairs. This is a quantitative method of comparison based on expressing the

agreement between the data in terms of a few appropriate numerical parameters.

There is a range of statistical techniques used in the dispersion field for the validation of

air quality models, as for example those described by Hanna (1991) and Weil et al.

(1992). 'Variance' and 'bias' are two of the fundamental statistical measures used. The

variance expresses the scatter of model predictions with respect to experimental data,

and the bias represents an overall tendency of the model to under- or over- predict.

Scatter plot comparisons give a visual representation of model bias and variance. There

are various ways of expressing variance and bias mathematically, based on the

difference or the ratio of modelled to experimental pairs of values. Hanna (1991)

defmes several measures of variance and bias, including the 'geometric mean bias' and

'geometric variance' used in several modelling evaluation studies (e.g. the EMU study).
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However, the use of these measures is limited, and in some cases can be misleading. For

example, the measures described by Hanna are only applicable to positive, scalar values

(i.e. such as concentrations), however in this work the flow as well as the dispersion

simulation was to be evaluated, which involves vector quantities. The geometric

measures in particular are known to be inherently misleading if applied to the

comparison of near zero, small quantities. Many of the experimental data in this work

were anticipated to fall into this category, as for example near zero concentrations

beyond the edges of plumes and low wind speeds in relatively stagnant areas of the

flow.

In the context of the problems highlighted above, it was decided not to use a statistical

approach. Instead, the validation of the CFD results was based on the comparison of

one-dimensional graphs or two-dimensional contour plots of sets of corresponding

modelled and experimental results. The qualitative information of spatial patterns

included in such plots is considered as a distinct advantage in this work, since

understanding the spatial variation of the wind and dispersion fields is an important

aspect of this thesis.
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Wind tunnel experimental results

5.1 List of experimental cases

Three main sets of experiments were carried out in the wind tunnel: flow visualisation,

tracer dispersion, and Laser-Doppler Anemometry (LDA).

Flow visualisation was used at the beginning of the experimental work to explore the

range of flow and dispersion patterns that could be obtained by varying the 'basic'

arrangement of four buildings (as described previously in Figure 1-3). Parameters varied

were canyon widths X and Y, and wind direction 0. T-junctions and intersections with

additional blocks upstream and on the sides were also studied. All flow visualisation

experimental cases are summarised in Table 5-1.

Tracer dispersion experiments were subsequently carried out to quantify most of the

concentration fields observed during flow visualisation. Some new building

arrangement variations were also introduced, i.e. offsetting the downstream buildings

and varying the height of the buildings by adding 'towers' at each corner. Tracer

dispersion experimental cases are summarised in Table 5-2, and illustrated in detail in

Figure 5-1.

LDA was finally used to measure the mean and turbulent quantities of the velocity

fields of selected building arrangements. These were y-canyon width (X), block offset

and wind direction variations of the basic building arrangement at normal incidence. All

LDA experimental cases are summarised in Table 5-3.
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Cases	 LI/H,	 X/H	 Y/H	 0 (deg)
LIH

1 Basic arrangement 	 4, 4	 1	 1	 0

2 Canyon width variations	 4, 4	 0.5, 1.5, 2.0 0.5, 1.5, 2.0	 0

3 T-junction variations	 4,4	 1	 0.5, 1, 1.5	 10,30,45

4 Wind direction variations 	 4, 6	 0.5, 1, 1.5	 0.5, 1, 1.5	 10,30,45

5 Added upstream or side blocks	 4, 4	 1, 1.5, 2	 1	 0

Table 5-1	 list offlow visualisation experiments

Case	 LI/H,	 X/H	 YIH 0 (deg)	 \y (mm)
LH

0 Basic arrangement	 4,6	 1	 1	 0	 0

I Street width variations	 4 , 6	 0.5, 1, 1.5	 1	 0	 0

2 Building offset 	 4 , 6	 1	 1	 0	 5 to 180

3 Closed Street	 4 , 6	 1	 1	 0	 180

4 Oblique incidence	 4 , 6	 1	 1	 10, 30	 0

5 Upstream blocks	 4,4	 1	 1	 0	 0

6 Tower at one corner 	 4 , 6	 1	 1	 0	 0

7 Traverse probes	 4 , 6	 1	 1	 0	 0

Table 5-2	 List of tracer dispersion experiments
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Case	 La/H, L1/H X/H V/H e (deg) Dy (mm)	 Sections

Variable street width

base	 4 , 6	 1	 1	 0	 0	 vertical only

widthx_1.5	 4 , 6	 1.5	 1	 0	 0	 vertical only

widthx_2	 4 , 6	 2.0	 1	 0	 0	 vertical only

Variable block offset

Offset_10	 4 , 6	 1	 1	 0	 10	 vertical only

Offset_60	 4 , 6	 1	 1	 0	 60	 also horizontal

Incidence at an angle

Angle_b	 4 , 6	 1	 1	 10	 0	 also horizontal

Table 5-3	 LiNt of LDA experiments

5.2 Experimental conventions and presentation of results

5.2.1 Flow visualisation experiments

The visualisation figures presented in this chapter are either snapshots (single frames) or

averages of superposed frames (over about 3Osec). In all the visualisation frames the

direction of the flow is normal to the top of the frame, directed from top to bottom. Only

one set of canyons (either the x- or y-canyons) is illuminated in each frame. The smoke

source position was at ground level, about im upstream of the buildings, and the plane

of visualisation was the horizontal x-y section at z=2Omm.

5.2.2 Tracer dispersion experiments

During all the tracer dispersion experiments, the source was positioned at street level at

the beginning of canyon AB as shown in Figure 1-3. All concentration measurements

are quoted non-dimensionally as:
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C=CURH2IQ	 5-1

where C is the concentration measured, UR is equal to the free-stream velocity

U(z=ö=lm), and Q is the tracer mass emission rate. Concentrations can also be

normalised with respect to a reference wind speed at roof-top height, U(H); using

Equation 3-4, U(H) = 0.72 U(8).

For most experiments, the tracer detection probes were positioned on the downwind

sides of the y-canyons, on buildings C and D, along a straight line at a height z=2Omm.

A local y-coordinate system is used to plot the results, with the origin coinciding with

the edges of buildings C and D; positive y-values correspond to measurements in

canyon BD and negative y-values to measurements in canyon AC. These measurement

positions are illustrated in Figure 5-2. Measurements were also taken at two additional

points within canyon CD (at x=45mm into the canyon on walls C and D). The results

from these points are not plotted in the graphs in this chapter for clarity, and also

because the main emphasis is on the interpretation of the concentrations within the

y-canyons due to flow and pollutant exchange with canyon AB. These additional

measurements are however plotted in Chapter 6, to provide additional information for

comparing and evaluating the CFD concentration predictions.

For the wind direction variation experiments (Case 4), measurements were taken on all

building faces and in the middle of the canyons (as shown in Figure 5-2), at three

different heights (z=2Omm, z=62.5mm and z=lO5mm). Results from these experiments

are presented as contour plots of concentration along three horizontal planes (z=2Omm,

z=62.Smm and z=lOSmm). Graphs of the variation of concentration along the local

y-coordinate system are also shown for comparison.

5.2.3 LDA experiments

LDA measurements were taken over either:

a) Vertical sections: normal cross-sections across the four canyons, at positions near

the intersection (at 45mm from the edge of each canyon)
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b) Horizontal sections: measurements in the x-y plane (at z=2Omm), within all

canyons and the intersection area

Due to the constraints of the experimental setup for both vertical and horizontal sections

(as discussed in 3.6.4) measurements could not be made at distances smaller than about

O.1H near the top, street and wall surfaces of each canyon. Figure 5-3 illustrates

horizontal and vertical section measurement positions, using case offset_60 as an

example. For each experimental LDA case, vertical section measurements were made in

the course of four separate experiments; this involved re-positioning the LDA probe in

each of the four canyons in turn. By contrast, horizontal section measurements were

made during a single continuous experiment.

As discussed earlier in 3.6.4, use was also made of the symmetry of the building

arrangements. Building arrangements with offset Dy or angle rotation e of opposite sign

are mirror images of each other (with respect to the x-axis), and therefore the flow

quantities associated with such geometries can also be expected to be mirror images of

each other. This is a valid assumption, provided that no 'switching' or 'bi-stable'

behaviour occurs for these cases (as is described later in 5.3.1 and 5.3.2, for building

arrangements symmetrical with respect to the incident wind direction). All offset and

angle case results are therefore presented in terms of their equivalent positive Dy or 0

(using the transformation of Equations 3-10).

LDA flow measurements are presented non-dimensionalised with respect to the free-

stream reference velocity, UR (at z=6=lm, as measured by a sonic anemometer during

each of the LDA measurements).

Vertical section results

The components of flow measured along vertical section positions were the vertical

component w, and the component of flow normal to the plane of each cross-section, Uj.

The results are plotted as separate mean and turbulence contour plots of w and u±. The

convention used is that u1 is positive in the positive x or y-direction; therefore: uju in

x-canyons AB and CD, and u1Ev in y-canyons AC and BD. The name of each contour

plot (e.g. 'Section CA') denotes the plane of measurement as well as the direction of the
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abscissa of the plots (i.e. from building C to A). Distances along x, y, and z are given

in mm.

Horizontal section results

The u and v components of flow were measured along horizontal measurement

positions, with the LDA probe positioned above the buildings, rather than enclosed

within the measurement building (as described in 3.6.4). This was expected to disturb

the flow, and for this reason horizontal section measurements were only made for cases

offset_60 (Dy=6Omm) and angle_b (9=100), since these were considered to be the

least 'sensitive' of the cases studied (based on flow visualisation observations discussed

later in 5.3).

Horizontal section results for the mean velocities U and V are plotted combined, in the

form of vector plots of their non-dimensional resultant U + V / U; the corresponding

turbulence results are plotted as separate contour plots of turbulence components

<u>/UR and <V'2>IUR2.

5.3 Flow visualisation experiments

5.3.1 Basic building arrangement

The basic building arrangement at normal incidence was the first case studied with flow

visualisation. The main tendency of the flow within canyon AB was to separate from

the walls, and continue as a straight narrow jet across the central area of the intersection

and into canyon CD. Intermittently however, the jet from AB would also deviate

slightly from its straight path, impinge on corners C or D, and deflect into canyons BD

or AC, creating a localised re-circulation pattern as shown in the snapshot of Figure 5-4.

Flow deflection into one of the y-canyons (e.g. BD) was also associated with flow being

drawn from the other y-canyon (e.g. AC) into CD. During these episodes of flow

deflection a significant amount of smoke from canyon AB was seen to enter into the

y-canyons, whereas during periods when the jet from AB travelled through the

intersection unperturbed, virtually no smoke was entrained into the y-canyons.
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An interesting and unexpected feature of these intermittent flow deflection patterns was

that they usually did not occur in both y-canyons simultaneously, but in one canyon at a

time. The deflection could be seen to occur on either side, however with an overall

tendency towards one side (as can be clearly seen in the average of multiple frames of

Figure 5-4).

This is an asymmetrical flow feature, in contrast to the symmetry of the building

arrangement with respect to the incident wind direction. This behaviour of flow

deflection towards one side at a time, with a preference towards one of the sides, is

similar to the 'bi-stable' and 'flow switching' behaviour observed in fluidic switch

devices.

Vertical sections through the flow were also observed (but not recorded on video). A

well-defined, but intermittent, vertical cross-canyon re-circulation was observed in the

y-canyons. This corresponds to the classic canyon re-circulation described in 2.7. The

vertical re-circulation was observed everywhere along the length of the y-canyons and

was clearly visible even at sections very near to the intersection.

5.3.2 Canyon width variations

The flow patterns observed when varying canyon widths X and Y were similar to those

described for the basic building arrangement. The deflection into the y-canyons was

more pronounced and more frequent with increased X, but variations of canyon width Y

did not have a noticeable effect on the flow exchange between the x- and y-canyons, nor

on the bi-stable tendency of the flow.

Flow visualisation snapshots for X=O.5H, and 2H (Figure 5-5) illustrate how flow and

pollutant exchange between AB and the y-canyons (AC or BD) becomes stronger with

increasing X. For X=O.5H, the flow from AB was observed to continue as a straight jet

through the intersection, becoming deflected to the sides only occasionally. For X=2H,

the jet from AB was observed to deflect more strongly into each of the y-canyons, and

to persist longer to one side, switching less from side to side. This bi-stable tendency

can also be clearly seen in the averaged frames (Figure 5-6, top). This behaviour did not
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appear to be systematically biased towards any of the two sides, since it was observed to

occur on alternate sides in repeated experiments.

5.3.3 T-junction variations

In the limiting case when the width Y of either canyon AB or CD becomes zero, the

basic building arrangement becomes a T-junction. The width of y-canyons X was varied

for T-junctions at normal incidence only. Figure 5-7 illustrates the main flow patterns

observed.

For Y=O, it was difficult to visualise the flow clearly, since an insufficient amount of

smoke could reach the y-canyons, either from above or from the sides (instead of

directly though canyon AB). The main pattern that could be observed was that flow was

drawn from both y-canyons into canyon CD, nearly always simultaneously from both

sides; it is not possible to deduce if there was any bi-stable tendency for larger X on the

basis of the video information available. The flow in the y-streets was also seen to move

from the downstream to the upstream side due to the vertical canyon re-circulation; this

is represented with two-dimensional arrows at an angle in Figure 5-7, though the

resultant motion due to the flow along the y-canyons towards the intersection, and the

vertical re-circulation, would in fact be helical in three-dimensions.

For YCD=O, the flow pattern observed was more complex than any of the arrangements

described above: the jet issuing from AB was observed to split sideways into both

y-canyons, and was opposed by a reverse, upstream flow due to the vertical canyon

re-circulation, causing an area of flow stagnation at the middle of the intersection. The

sideways deflection was observed to be generally symmetrical, with evidence of the

flow veering preferentially to one side for large X (as illustrated in Figure 5-8).

5.3.4 Wind direction variations

Once the basic building arrangement was oriented at an angle to the flow (even as small

as 8=5°), the symmetry with respect to the wind direction was destroyed and the flow

was forced into a single stable pattern (in contrast to the switching and bi-stable

behaviour of the symmetrical cases at normal incidence described above).
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The flow patterns for the basic building arrangements at various angles to the incident

flow are illustrated in Figure 5-9 (9=10°), Figure 5-10 (0=30°) and Figure 5-11 (9=45°).

As shown in Figure 5-9, part of the flow in canyon AB is diverted into AC with the rest

continuing into CD, while flow from BD is drawn into the downstream x-canyon CD. A

persistent small re-circulation area forms around the corner of building A, with the flow

entering into AC near corner C.

With increasing 0, the flow component along the y-canyons became stronger, and more

flow from AB was deflected into AC. In the symmetrical case of 0=45° it would be

expected that all of the flow from AB should become deflected into AC, while the flow

from BD would deflect into CD (due to the symmetry of the building arrangement along

the 45° incident wind direction). Instead, the flow appeared to be bi-stable, with the

flow from either AB or BD dominating (as shown in Figure 5-1 1).

Flow patterns similar to those described above were observed when varying Y/H and

X/H. Increasing Y did not seem to affect the exchange of flow between AB and the

y-canyons. However, increasing X led to the deflection of all the flow from AB into AC

and flow exchange between the y-canyons, since flow from BD would continue across

to AC (as illustrated in Figure 5-12 for X=1.5H, 9=45°and Y=H). This flow pattern

occurred for all wind directions and became stronger with increasing 0.

5.3.5 Canyon lengths and upstream buildings variations

Intersections are not isolated entities in cities, and the flow and dispersion behaviour

may be affected by the details of the surrounding buildings. For this reason blocks were

added upstream of the basic building arrangement (at normal incidence) and at the sides

(either attached to the sides to form longer canyon lengths L, or at a distance Y=H

creating another intersection).

Adding blocks upstream of the four building intersection caused an overall deceleration

of the flow, but did not change the form of the flow patterns at the intersection. Adding

side blocks did however have a noticeable effect. Positioning side blocks (either to

increase L, or add a neighbouring intersection) had the effect of decreasing the

'switching' and 'bi-stable' tendency of the flow. This is illustrated in the frame average
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of Figure 5-6, for X=2H. Since the bi-stable tendency of the flow was found to be

enhanced by an increase of the width X (as discussed in 5.3.2), it can be concluded that

the bi-stable tendency of the flow depends on the ratio X/L.

5.4 Tracer concentration measurements

5.4.1 Repeated measurements analysis

A number of repeated experiments were carried out to test the repeatability of the tracer

dispersion measurements. Different source strengths were also used to test the

sensitivity of dispersion behaviour to source conditions, and to demonstrate the validity

of the CUH2/Q scaling. These measurements (presented in Appendix C) indicated that

the repeatability of the measurements should be within ±10%.

5.4.2 Basic building arrangement and canyon width variations

Figure 5-13 shows results from nominally identical experimental setups for the basic

building arrangement. Despite the symmetry of the building arrangement with respect to

the wind direction, the concentrations measured in the two y-canyons are asymmetrical,

with higher values occurring in either canyon AC or BD.

These results confirm the observation in the flow visualisation experiments that the

intermittent flow deflections into the y-canyons are biased on average towards one of

the y-canyons (i.e. a bi-stable behaviour). The bias can be seen to occur on either side in

the repeated experiments, and is greater than the expected margin of experimental

uncertainty of about ±10%. These differences between repeated results indicate a strong

sensitivity to what could only be minute differences in experimental setup.

Concentrations measured in canyons AC and BD for X=0.SH, H and 2H are compared

in Figure 5-14. The peak concentrations in the y-canyons for the basic building

arrangement (X=H) are about 50% of those measured in canyon CD (additional

measurements not shown on the graph). This indicates that a significant fraction of the

pollution out of canyon AB is carried into the y-canyons by the intermittent flow

deflection patterns. Concentrations in the y-canyons for X=0.5H are extremely low,
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which is consistent with the flow visualisation observation that flow deflections into the

y-canyons were very rare. With increasing X, the value of concentrations near the edge

of the y-canyons increases significantly indicating that more flow and pollution is

entrained into the y-canyons from AB, as observed in the flow visualisation. The values

on both sides for 0.5H and 2H are asymmetrical, again suggesting a bi-stable behaviour.

5.43 Block offset variations

To explore the sensitivity in the flow and dispersion to deviations from the basic

symmetrical building arrangement described above, the two x-canyons AB and CD

were offset by various distances Dy (see Figure 1-3 for positive Dy convention). Tracer

dispersion experiments were carried out for seven block offset cases, Dy ranging

between 0mm to 180 mm. The results are plotted in Figure 5-15

In canyon BD, concentrations were found to be consistently equal to zero, for all

(positive) offset cases. The concentrations measured in the AC canyon are higher than

the corresponding ones measured in the y-canyons with zero offset; the difference is

noticeable even for the very small offset of Dy=5mm, and is very marked for all offsets

greater than Dy=lOmm (0.08H). The peak concentrations in canyon AC occur adjacent

to the intersection for small Dy, and are similar in magnitude to the concentrations

measured in canyon CD (additional measurements not shown on the graph). As the

offset is increased, high values of concentration extend further into the canyon, while

the peak concentration decreases slightly.

This dispersion behaviour can be explained by assuming an underlying flow pattern as

follows (re-visited in 5.5.4, in the light of the LDA measurements). The high

concentrations in AC are the result of flow from canyon AB becoming diverted into

canyon AC by impinging onto the protruding edge of building C. The flow diverted into

AC should then be replaced by a flow from canyon BD into CD (by continuity,

assuming flow from above is negligible). This outward flow from BD into the

intersection would prevent any pollution transfer from AB into BD, which explains the

consistently zero concentrations found in canyon BD.
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These patterns of flow exchange at the intersection should also influence, and be

influenced by flows in and out of the y-canyons from the sides of the group of

buildings. To investigate this interaction, the outer end of canyon AC or BD was

blocked (at A or B), for Dy=l8Omm. The results are presented in Figure 5-16. Blocking

the side of canyon BD (at B) has little effect on the concentration in both canyons.

However, blocking the side of canyon AC (at A), leads to an increase in the

concentrations in BD; this pollutant transfer from AB into BD, indicates a different flow

pattern at the intersection, with flow into instead of out of BD.

5.4.4 Wind direction variations

The basic building arrangement was oriented at two angles to the incident wind

direction, 0= 100 and 0=30°. For these two cases, additional measurements were taken in

the middle of the canyons and on all building faces, at three heights (z=2Omm, 62mm

and 105mm).

Tracer dispersion results along the local y-coordinate positions (z=2Omm on buildings C

and D, on the windward side of the y-canyons) are shown in Figure 5-17. The results for

0=10° and 0=30° are similar in pattern. Concentrations in AC for both 0=10° and 0=30°

are much higher, and extend much further into the Street than in the 9=0° case.

Concentrations in the BD canyon are equal to zero.

These results are consistent with flow visualisation observations, with flow from AB

being deflected into AC, while flow is being drawn out of BD and into CD. There is a

strong similarity between the concentration trends in Figure 5-17 and those measured

for the offset cases at normal incidence (c.f. Figure 5-15), in terms of both the pattern

and the magnitude of the values. This further supports the similarity between flow

patterns observed by the visualisation experiments for oblique cases and those inferred

for offset cases in 5.4.3.

Horizontal contour plots at three heights for 0=10° and 30° are shown in Figure 5-18

and Figure 5-19, respectively (no measurements were taken in the shaded area in these

plots, at the centre of the intersection). Concentrations in canyon BD are consistently

zero throughout, and at all heights, indicating that there is a flow out of BD at all
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heights. In canyon AC, concentrations near the ground (z=2Omm) are nearly uniform

across the canyon width and decrease with distance into canyon AC. With increasing z,

a gradient of higher concentrations towards the upwind side (building A) becomes

increasingly evident. A plausible explanation for this pattern of lower concentrations

towards the downwind side near the top of the canyon is that the vertical re-circulation

pattern in AC causes clean air to be entrained from the top near that side.

The concentration patterns in AB at the three different heights show the detailed vertical

structure of the plume, revealing its growth with downstream distance from the source

at the upwind end of canyon AB. There is also a gradient of concentration across the

width of the canyon, which becomes more evident at higher z and for larger 0. The

lower concentrations near wall A can be attributed to a re-circulation pattern in the

vertical plane across AB, due to the component of the incident wind direction

perpendicular to the axis of the canyon; this would be expected to be weak for 0=100

but stronger for larger 0.

The concentration pattern in CD shows higher values of concentration on wall C, which

decrease towards building D. This can be explained as the result of 'clean' air channeled

from BD into the right-hand side of CD. This concentration gradient is in the opposite

direction to that described above for canyon AB, although the vertical re-circulation to

which the gradient in AB was attributed should also occur in CD. There is some

evidence of the pattern in CD reversing further away from the intersection (especially at

higher z, and for larger 0) with lower concentrations occurring near building C. The

concentration gradient near the intersection can be explained as the result of the flow

channeled into canyon CD from canyon BD; this flow has a stronger influence than the

vertical re-circulation near the intersection, but a weaker one further away.

5.4.5 The effect of upstream blocks

Tracer experiments were carried out adding further blocks (intersections) upstream of

the basic building arrangement, but with shorter y-canyon lengths L =4H, instead of

6H. The presence of upstream blocks was expected to have the following effects:
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a) introducing a further row should have allowed the flow to settle before reaching the

source position, reducing local secondary flows and turbulent mixing near the

source

b) the overall flow would be decelerated due to additional drag forces. This was

observed for the x-canyon flow in the flow visualisation

c) the pattern of flow defection into the y-canyons would be similar (as observed in the

flow visualisation)

Results from Cases 5a to 5c are shown in Figure 5-20. The more the number, or L

length of the upstream blocks, the higher the concentrations in the y-canyons. There is

also clear evidence of an asymmetrical behaviour. Concentrations in the x-canyons (also

measured but not shown) also increased, corresponding to the trend described for the

y-canyons. Blocking the upstream block in case 5c, had no effect on the concentrations

measured. These observations are consistent with the hypotheses stated above, since

reduced mean velocities in the canyons would lead to overall higher concentrations.

5.4.6 'Tower' at one corner

The effect of varying the height of individual buildings of the basic building

arrangement was investigated by placing a 'tower' (a block of height H, and LL=Ly=2H)

on top of each building corner in turn. All cases were at normal incidence (9=0°); case

6o corresponds to the basic building arrangement and cases 6a to 6d have a tower on

only one of the buildings at a time, on buildings A to D respectively.

Figure 5-21 shows how the presence of a tower at one corner causes high concentrations

in one of the y-canyons, and zero concentrations in the other canyon. Towers at a corner

of the upstream buildings (cases a and b) cause high concentrations in the y-canyon

where they are situated (AC and BD), whereas towers at a corner of the downstream

buildings (Cases c and d) are associated with high concentrations in the opposite

y-canyon (BD and AC).
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Therefore it may be inferred that for a tower on an upwind building, flow from AB is

deflected into the y-canyon where the tower is placed, while flow from the other canyon

is drawn towards the intersection and into canyon CD. Conversely, for towers at

downstream corners, the flow form AB appears to become deflected into the opposite

part of the y-canyon. The inferred flow patterns are illustrated in Figure 5-22.

Cases 6a and 6b, and Cases 6c and 6d are building arrangements that are mirror images

of each other with respect to the x-axis. The concentration results from these two pairs

of cases should also be expected to be mirror images of each other along that axis.

Cases 6c and 6d are symmetrical with respect with the x-axis, although results for 6a

and 6b are asymmetrical (values differ by more than the experimental uncertainty of

10%), which is an odd result.

5.4.7 Traverse mounted probes and empty tunnel measurements

For the basic building arrangement, probes were also mounted on a free-standing

structure of two 'rakes' along the z and y directions, and the traversing system of the

tunnel was used to vary the downstream distance x. Mounting the probes in this way

was more intrusive to the flow than the method employed in all other experimental

cases where sampling tubes were flush with, or protruding from, the building walls and

mounted from within the buildings.

Vertical concentration profiles (Figure 5-23) show the variation with z (within, and

above the canyons) at different downstream positions along y=0 (x=0 coincides with the

centre of the intersection, x=6Omm is at the upstream end of CD, x=310 at the middle,

and x=560mm at its downstream end). Maximum values of concentration occur at about

building mid-height at the centre of the intersection, the profile becoming flatter further

downstream within the height of canyon CD. The profile above building height falls off

smoothly, with similar values of concentration for all x.

Horizontal profiles (Figure 5-24) show the variation in the y-direction (at the same

downstream positions x) at z=149mm (=1.2H, i.e. above building height). The profiles

are similar for all x and are slightly asymmetrical with respect to the incident wind

direction.
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Results from experiments carried out without any buildings (empty tunnel) are also

shown, at the same traverse positions of x=3lOmm and 560mm. The concentrations

measured in the absence of building were much lower, indicating a much larger lateral

spread; these values are also used in 6.3.2 to evaluate the dispersion field simulated by

the empty tunnel CFD runs.

5.5 LDA experimental results

5.5.1 Repeated measurements analysis

As discussed earlier in 3.8.2, overlapping vertical and horizontal section measurements

(from cases offset_60 and angle_lO) were compared to assess the overall repeatability

of the LDA experiments for both methods combined. Because the overlapping vertical

and horizontal measurement positions did not coincide exactly, the comparison was

based on plotting trends of mean velocity and turbulence along each line of overlap

(perpendicularly across each canyon at z=2Omm, and at a distance 45mm from the

centre of the intersection). All plots are included in Appendix C.

Overlapping mean velocity and turbulence measurements across x-canyons AB and CD

show close agreement (Figure C2 and Figure C3). However, there are some notable

discrepancies between those across y-canyons AC and BD, which differ by more than

10%. Due to a minor technical problem, the horizontal section experiment for angle_b

was repeated in part, providing repeated measurements for both mean and turbulence

quantities in canyon DB; these measurements (shown in Figure C4) are in close

agreement.

In line with the good repeatability of the horizontal section measurements and the good

agreement of the vertical section to the horizontal section measurements in x-canyons,

the discrepancies in the y-canyons between the vertical and horizontal section

measurements can be attributed to flow disturbance caused by the LDA probe during

the horizontal section measurements. As was shown in 5.4.6, the presence of a tower at

a building corner leads to a strong perturbation of the flow in the y-canyons; placing the

LDA probe above the buildings near the corners of the intersection could have a similar

effect.
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Vertical section measurements are therefore assumed to be the more accurate of two

methods, and that their accuracy is within ±10% (i.e. the bounds of agreement between

vertical and horizontal measurements in x-canyons). Horizontal section measurements

are also likely to be accurate within 10%, with the exception of a small region in the

flow near the intersection, where inaccuracies due to flow disturbance may be

significant (-30%).

5.5.2 Basic building arrangement

Measurements for case 'base' are presented in this section, which correspond to the

basic building arrangement at normal incidence. Mean velocity measurements are

presented as vertical section contour plots in Figure 5-25. The main flow features

observed are summarised in Figure 5-28.

Vertical sections: x-canyons

In canyon AB, U values are nearly uniform across the width of the canyon, and there is

a gradient of increasing velocity with height. This is expected due to the corresponding

variation in the incident wind profile. In canyon CD, this uniform pattern becomes

distorted as the flow speeds up in the middle of the canyon (attributable to flow

convergence from the y-canyons into CD) and slows down near the sides (due to flow

separation around the corners of buildings C and D).

Vertical velocity values of W are effectively zero in both canyons AB and CD, with

very low negative values near the walls.

Vertical sections: y-canyons

The V contour plot for section AC shows a horizontal re-circulation pattern, with flow

entering the canyon near wall C and exiting near the other side. This pattern is similar at

all the heights observed, and there is only a gradual variation with height: the inflow

part of the circulation appears to be slightly stronger at mid-height, and conversely for

the outflow. Inflow and outflow are nearly balanced, and there is a weak net oufflow.

This horizontal re-circulation pattern is consistent with the observations in the flow
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visualisation experiments, though the available LDA data cannot give any evidence of

the bi-stable behaviour described earlier.

A vertical re-circulation pattern is also evident in the plots of W, with flow directed

downwards near wall C and upwards near wall A. This corresponds to the well-known

two-dimensional canyon re-circulation pattern for the skimming flow regime (H/W-1),

described previously in 2.7.1. The vertical re-circulation is stronger compared to the

horizontal re-circulation in AC, but both are of a similar order of magnitude.

5.5.3 Canyon width variations

The effect of varying the y-canyon width is addressed in this section, based on the

results from the experiments corresponding to cases 'widthx_1.5' and 'widthx_2' (i.e.

for X=l.5H and X=2H). Mean velocity measurements are presented in the vertical

contour plots of Figure 5-26 and Figure 5-27. Figure 5-29 highlights and summarises

the main findings.

Vertical sections: x-canyons

U values across section AB are very nearly uniform, and there is a gradient of increasing

velocity with height. Values are slightly lower for cases widthx_1.5 and widthx_2

compared to base.

The pattern of U values in canyon CD has the same features of flow acceleration in the

middle of the canyon and lower values near the sides as in case base. Again, this can be

attributed to flow convergence from the y-canyons into CD and to separation at the

corners of buildings C and D. This pattern is symmetrical with respect to the x-axis for

base, slightly asymmetrical for widthx_1 .5, and more noticeably so for widthx_2, with

higher values on one side; this could be an indication of the bi-stable behaviour

observed in the flow visualisation experiments.

Vertical velocity w is effectively zero in both sections AB and CD.
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Vertical sections: y-canyons

For measurements to span the width of canyon AC, two separate experiments were

performed, with the LDA probe housed on either side of the canyon. Due to

experimental setup limitations, measurements were made on opposite sides of canyons

AC and BD (rather than on the two sides of the same canyon); due to the symmetry of

the building arrangements with respect to the incident wind direction, the flow patterns

in AC and BD should be mirror images of each other with respect to the axis of

symmetry. However, despite the symmetry of the boundary conditions this is not

necessarily true if the flow is bi-stable and asymmetrical (as expected in this case, based

on the flow visualisation observations discussed above in 5.3.2). Nevertheless, the

'mirror image' of measurements from canyon BD is presented here, which correspond

to the right-hand half (near wall A) of canyon AC. For widthx_1 .5 there was a slight

overlap in the area of measurements from the two experiments in the middle of the

canyon. The differences there were rather small, and the plots in Figure 5-26 were

produced by averaging the values in the area of overlap.

The AC contour plots of V show horizontal re-circulation patterns, with flow entering

the canyon near wall C and exiting at the opposite side of canyon. These horizontal

re-circulation patterns are similar at all the different heights observed, with only a

gradual variation with height. The inflow part of the circulation appears to be stronger at

mid-height and at about H/2 away from the downstream wall C. The outflow part of the

re-circulation is stronger than the inflow, more so for the larger X=2H case.

Vertical re-circulation patterns are also evident for both cases in AC contour plots of W,

with some similarities to those observed for case base. The re-circulation seems to span

the width of AC for X=1 .5, but for X=2 there is a stagnant area towards the upstream

wall A. The height-to-width ratio of the canyons for the two widthx cases correspond to

the 'flow interference' regime (as discussed in 2.7.1).

The vertical and horizontal flows in AC are of similar magnitude for both widthx cases,

and the horizontal re-circulation pattern for the widthx_2 case is stronger than the

vertical re-circulation.
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5.5.4 Block offset variations

Measurements from the two building offset cases are described in this section. Mean

velocity horizontal section measurements for offset_60 are shown as a vector plot in

Figure 5-30. Vertical section contour plots for offset_i 0 and offset_60 are presented in

Figure 5-31 and Figure 5-32, respectively. The main flow features observed are

summarised in Figure 5-35.

Horizontal section measurements (U and V)

The horizontal section vector plot for offset_60 gives a clear representation of the

horizontal flow patterns and flow exchange between the canyons near ground level

(z=2Omm). Part of the flow in AB becomes deflected into AC and the rest continues

into CD, while flow is also drawn out of BD into CD.

The flow deflection around the corner of building A into canyon AC is very strong

(similar in magnitude to the flow in AB). The flow impinges onto wall C and is then

directed towards the upstream wall A (in the direction of the vertical canyon

re-circulation flow). There is also a barely discernible flow reversal area near the corner;

in this case, in contrast to the cases described previously, the pattern is more a

horizontal flow 'deflection' rather than a 're-circulation'. Another very similar (though

slightly stronger) flow deflection pattern occurs around the corner of building B, on the

right-hand side end of canyon BD. The maximum value of the V-component occurs

about a distance H away from the corner, and high values of V persist nearly throughout

the length of both AC and BD. The U-component within the y-canyons is directed

upstream, due to the vertical canyon re-circulation.

Vertical sections: x-canyons

The U profiles in canyon AB are nearly uniform across the canyon, and U increases

with height (the profiles are nearly identical values for both offset cases). In CD, there is

a gradient of U across the canyon, with the higher velocities occurring at the right side

of the canyon (towards building C). This is consistent with the pattern observed in the
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horizontal section vector plot for offset_60; it is the result of the deflection of the flow

out of AB by the outflow from BD towards building C.

As expected, AB and CD plots of W show near-zero values.

Vertical sections: y-canyons

In the DB plots of V, flow is towards the intersection and is fairly uniform across the

canyon section for both offset_10 and offset_60. For the larger offset case, the flow is

stronger towards wall D, and stronger overall compared to that of offset_l0.

In the CA plots of V. a horizontal re-circulation pattern can be seen for both offset

cases, which is very similar at all heights. For offset_60 this pattern is more of a flow

'deflection' pattern since the area of inflow clearly dominates that of outflow on the

other side of the canyon (as can be seen in the horizontal section vector plot). The

magnitude of V is much greater for the larger offset case.

A 'classic' canyon vertical re-circulation can be clearly identified in the DB section

plots of W for both offset cases; both patterns are very similar to that observed for case

base. By contrast, the vertical canyon re-circulation in cross-section CA is distorted for

both offset_l0 and offset_60, the distortion being stronger for the larger offset case.

5.5.5 Wind direction variation

Measurements from case angle_b (0=100) are described in this section. Mean velocity

horizontal section measurements are presented in Figure 5-33, and contour plots of

mean velocities at vertical sections are shown in Figure 5-34.

Horizontal section measurements (U and V)

The mean horizontal flow patterns and flow exchange between the canyons near ground

level (z=2Omm) is illustrated clearly in the horizontal section vector plot. Part of the

flow in AB becomes deflected into AC, and the other part continues into CD, deflected

to the left by the flow drawn out of BD into CD.
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A horizontal re-circulation/flow deflection pattern around the corner of building A is

clearly visible, as is a another very similar (though slightly stronger) pattern around the

corner of building B on the right-hand side end of canyon BD. The V-component flow

along the y-canyons is strong within the extent of the horizontal re-circulation pattern,

but decays further into the canyon. The U-component within the y-canyons is directed

upwind due to the vertical canyon re-circulation.

The horizontal section vector plots for angle_lO and offset_60 show similarities in the

position, extent and the strength of the horizontal flow deflection patterns. This is

consistent with the similarity of the dispersion results for angle_lO and offset_60, as

described in sections 5.4.3 and 5.4.4.

Vertical sections: x-canyons

In the AB section plot, U increases with height and towards the wall of building A.

Across CD, there is a very similar gradient of U. This cross-canyon gradient can also be

clearly seen in the horizontal section vector plot.

Near zero vertical velocities are observed in AB and CD; since the wind is at an angle to

the canyons, there is a component of the incident wind direction across the x-canyons

that could create a vertical re-circulation pattern in AB and CD. However no such effect

can be seen, presumably because the incident wind cross-canyon component is

relatively weak for 9=iO°.

Vertical sections: y-canyons

In the DB section plots of V, the flow is towards the intersection, and is fairly uniform

across the canyon section. However, in the AC section plots of V there is a horizontal

re-circulation pattern that is nearly uniform with height. In contrast to that observed for

offset_60 (and more similarly to offset_1O), the outflow and inflow parts of the

horizontal re-circulation pattern are nearly symmetrical across the width of the canyon;

there is however a weak net inflow into AC.
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In the BD canyon plots of W, a canyon re-circulation pattern (similar to the 'classic'

vertical canyon re-circulation observed for case base) can be clearly identified. By

contrast, the canyon vertical re-circulation in cross-section AC is strongly distorted (as

observed for the offset cases, particularly for offset_60). The horizontal flow patterns in

DB and CA are stronger overall than the vertical canyon re-circulations.

5.5.6 Turbulence measurements

Horizontal and vertical section LDA measurements of turbulence for all case are

presented in Appendix A, as contour plots of non-dimensional turbulence velocity

components (expressed as <u' 2>IUg2, <v'2>IUR2 and <w'2>/Ug2).

Measured values are of the order of 102, which is similar to the level of turbulence in

the tunnel incident flow: near the ground <U>/UR =l.5lO and <w'2>IIJR2=0.4•l(Y2

(according to measurements by Robins, 1999). The turbulence in the incident flow is a

useful reference for identifying areas of relatively low or enhanced turbulence in the

horizontal and vertical section measurements.

As expected, areas of enhanced turbulence were found to correspond to areas of

increased mean velocity gradients (shear), flow impingement, areas of separation

around corners and re-circulation. At all other areas, turbulence levels were found to be

either the same or less than those in the incident flow.

In the horizontal section contour plots of offset_60 and angle_b, extensive areas of

enhanced u and v turbulence occur at the upwind end of canyon AB, which can be

attributed to the strong flow convergence into the canyon (as shown in the mean

velocity plots in Figure 5-30 and Figure 5-34). Turbulence levels decay along the length

of AB, and the turbulence at the upwind end of canyon CD is significantly lower than at

the upwind end of AB. In the contour plot for angle_lO, turbulence levels in canyon AB

are higher and persist further downstream compared to offset_60; a plausible

explanation is that when the incident flow is at an angle, there is a (mean) component of

flow perpendicular to the canyon which causes the flow to impinge on the walls of the

canyon as it spirals down the canyon.
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In the horizontal contour plots of offset_60, there is area of enhanced turbulence near

the wall of building C, which can be attributed to impingement of the flow from canyon

AB on the protruding corner of building C and its deflection around the corner into

canyon CD. Areas of enhanced turbulence also occur in the y-canyons around the right-

most ends of canyons AC and BD, which correspond to the flow from AB (and the flow

at the left hand side of building B) becoming deflected into canyon AC (and canyon

BD). Note that for the turbulence component u, areas of enhanced turbulence occur

around the corners of the buildings but also further into the y-canyons, a significant

difference between the contour plots for components u and v. At the left-most ends of

canyons BD and AC, turbulence levels for u and v are both relatively low.

Although the mean flow patterns for angle_b and offset_60 are similar, the turbulence

levels in canyons downstream of AB are lower for angle_lO compared to those for

offset_60. Also, the areas of intense turbulence around the corner of building C near the

intersection observed for offset_60 are absent for angle_lO (since the flow out of

canyon AB deflects into AC without impinging on corner C).

The interpretation of the vertical section contour plots is similar to that discussed above.

Vertical section plots of u and v give an indication of their variation with height near the

intersection; the variation with height is generally small, which is as was observed in the

case of mean velocities, suggesting that the horizontal flow patterns are similar at all

heights.

Vertical section plots of w turbulence in the y-canyons for cases base, widthx_1 .5 and

widthx_2 show a clear increase of turbulence on the downwind wall, corresponding to

the downflow part of the 'classic' vertical re-circulation patterns. For cases offset_lO,

offset_60 and angle_b, w turbulence in canyon BD is relatively low and rather

uniform. Conversely, in canyon AC turbulence levels are significantly higher, and with

the exception of case offset_60 where the vertical re-circulation pattern is strongly

distorted, there is an increase of turbulence towards the downwind wall (corresponding

to the downflow part of the mean vertical re-circulation pattern, as discussed above).
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5.5.7 Horizontal flux calculations

For all vertical section measurements, the area-weighted average of U 1 (U for canyons

AB and CD and V for canyons AC and BD) was calculated to estimate the volume flux

of air, 4), across each canyon cross-section area A (equal to p u 18A). Available

measurements did not span the entire canyon cross section area (because it was not

possible to make LDA measurements near the walls, top and bottom of each canyon)

and it was not possible to extrapolate values to the walls with confidence. As a result,

the volume fluxes calculated correspond to the part of the canyon cross-sectional area

for which measurements were available, and are therefore underestimates of the fluxes

through the entire cross-sectional area.

Nonetheless, these flux estimates can be used to quantify the exchange of flow between

the canyons through the intersection (as a first approximation), and to assess the

importance of the horizontal flow patterns between canyons as a mechanism of flow and

pollutant transfer. The results are presented in Figure 5-37; values are expressed in

terms of percentages of the volume flux through the canyon cross-section AB, upwind

of the intersection.

The exchange between the canyons varies for each of the cases. The flux through the

y-canyon sections is substantial for all the non-symmetrical cases, and for case

offset_60 in particular, the fluxes through canyons AC and BD are about 50% of that

through canyon AB.

In nearly all cases (with the exception of angle_b), the horizontal flow exchange

between the canyons was found to balance, indicating very little upward vertical flux

(values of vertical flux shown are inferred by continuity, assuming that the sum of all

fluxes through the intersection is equal to zero). Of course, the uncertainty in the

calculated horizontal fluxes does not allow an exact calculation of the vertical fluxes.

The significant imbalance of the horizontal fluxes found for angle_b could in fact be

the result of underestimating the flux into AC relative to the other canyons, due of the

lack of data near the C canyon wall where the flow deflection into AC would be

expected to be strongest.
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Fluxes presented in Figure 5-37 give the overall effect of flow exchange between

canyons, but do not show the detail of how the flow is distributed from canyon to

canyon. For example, information from flow visualisation, horizontal LDA

measurements near the ground, and tracer measurements for the angle and offset cases

showed that a fraction of the flux out of AB is deflected into AC and the remainder

continues into CD, while all the flow from BD is deflected into CD (neglecting vertical

fluxes over the centre of the intersection, for which there is no direct evidence). This

information on the apportionment of flow is indispensable for understanding the flow

and pollutant exchange between the canyons, but cannot be deduced on the basis of

Figure 5-37 alone. However using the additional information above, it is possible to

represent the detail of the apportionment of the flow from AB into AC and CD, as

illustrated in Figure 5-38. The distribution of flow and pollutants between canyons is

re-visited later in 7.3.2, in the context of developing a simple intersection dispersion

model.
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Figure 5-4 Flow visualisation snapshot and averaged frames for X=H, 9=0

Figure 5-5 Flow visualisation snapshots for X=0.5H and 2H (9=0)
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Figure 5-6 Flow visualisation frame averages for X=2H (Y=H, 0=0)

Figure 5-7 Flow visualisation snapshots for T-junctions (X=H, YAB=O orY(,=0)
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Figure 5-8 Flow visualisation snapshots for T-junctions with X=2H, Y,=O

Figure 5-9 Flow visualisation snapshot for 9=10 °(X=Y=H)
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Figure 5-10 Flow visualisation snapshots for 6=30 °(X=Y=H)

Figure 5-11 Flow visualisation snapshots for 9=45 °(X=Y=H)
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Figure 5-12 Flow visualisation snapshot for X=2H, 45 °(Y=H)
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Figure 5-13 Tracer dispersion: basic arrangement repeated experiments

208



Chapter 5	 Wind tunnel experimental results

0.8
Case 1
Variable width X

0.6

i C' 0.4

A

0.2

A

0.0	 —a—(' , :

	 A
••	 •.,.-

-400	 -300	 -200	 -100	 0	 100

y local (mm)

4,Ia_

___t___
II	 b

I c_H dl

- building edge

• X=0.5H

A X=H

—0--- X=1.5H

200	 300	 400

Figure 5-14 Tracer dispersion: Varying canyon width X (0=0)

3.0 Case 2
Offset variation

2.5

2.0

C'l.5

0.0 —A-	 A A

-400	 -300	 -200	 -100	 0	 100

y local (mm)

I	 U bi

	

I	 II	 dl

- - building edge

A DyO

—0-- Dy=5m

—0-- DylOnin

A Dy2Onin

• Dy60nin

• Dy120nin

A Dy=lX0nin

	

200	 300	 400

Figure 5-15 Tracer dispersion: Varying offset Dy (0=0)

209



Case 3
sides blocked

-300	 -200	 -100	 0	 100	 200	 300	 400

y local (mm)

3.0

2.5

2.0

C' 1.5

1.0

0.5

0.0 -
-400

_____&_____

IA	 bi

I	 II	 d
- - - - building edge

£ DylSOm

• Dy180m blocked at A

Dy=1 80nin blocked at B

Chapter 5	 Wind tunnel experimental results

Figure 5-16 Tracer dispersion: Blocking sides for Dy=l8Omm (9=0)
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Figure 5-37 Volume flux cakulations based on LDA mean velocity results
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Comparison of CFD results to wind tunnel experimental data

6.1 List of CFD cases and solutions

The results from the CFD simulations are presented in this chapter by direct comparison

to wind tunnel experimental data. The nomenclature for the building arrangement cases

is the same as that used in Chapter 5. All cases simulated with CFD are summarised in

Table 6-1. Cases base_nobuild and angle_nobuild were simulations of the flow and

dispersion in the empty wind tunnel; these were carried out as a check, mainly to

establish the importance of mesh dependent effects. The results from the empty tunnel

simulations are presented separately in section 6.3.2.

A different CFD mesh was constructed for each of the cases simulated, and the

boundary conditions in the wind tunnel experiments were reproduced as closely as

possible (the building geometry and scaling were identical). For each mesh, different

CFD solutions can be obtained, depending on the choice of solution parameters such as

differencing scheme and turbulence model. All CFD results presented in this chapter

(unless otherwise stated) are solutions from the 'final' CFD simulations. These were

obtained using the MARS differencing scheme and the Chen variant of the k-E

turbulence model. Boundary conditions were specified as described in 4.2.5, using

UR=lOms' at the tunnel inlet, and the tracer source was introduced as a constant mass

flux rate of a passive scalar into the domain with no effect on the surrounding flow

field. Results and insights from initial CFD runs are discussed separately in 6.3.1.

All final CFD solutions for the flow and concentration fields converged monotonically

to global residual levels of rI=O.1% (1O), with the exception of the solutions for the

concentration field only, for offset_60 and widthx_1 .5. The concentration results for the

unconverged dispersion simulations are nonetheless included in this chapter for

completeness.
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Case name	 X/H	 0 (deg)	 Dy (mm)

base	 1	 0	 0

offset_10	 1	 0	 10

offset_20	 1	 0	 20

offset_60	 1	 0	 60

offset_120	 1	 0	 120

widthx_1.5	 1.5	 0	 0

widthx_2	 2	 0	 0

angle_b	 1	 10	 0

base_nobuild	 no buildings (based on case base)

angle_nobuild	 no buildings (based on case angle_b)

Table 6-1	 List of all final CFD simulation runs

6.2 Conventions and presentation of the CFD results

All CFD simulation data presented in this chapter correspond to the positions where

experimental measurements were taken. CFD results are presented in contour and vector

plots of the same format as those used for the presentation of the wind tunnel data in

Chapter 5, to allow a direct qualitative and quantitative comparison. Scatter plots of

pairs of CF'D and experimental data are also included, for a point-by-point comparison.

Scatter plots corresponding to horizontal section measurements are presented in this

chapter, and the remaining plots are presented separately in Appendix B.

229



Chapter 6	 CFD results and comparison with wind tunnel data

Only mean quantities are presented and compared; a direct comparison of CFD and

experimental turbulence data for each turbulence component was not possible since k-c

CFD simulations only compute turbulence kinetic energy k, and assume isotropic

turbulence instead of simulating each turbulence velocity component separately. Also,

simulated turbulence kinetic energy k could not be compared with experiment, because

only two of the three components of turbulence could be measured simultaneously at

each point during the LDA experiments.

6.3 Preliminary runs and checks

6.3.1 Initial runs

Using UD

All CFD cases were originally run with UD, a first-order accurate discretisation scheme

with which convergence could be readily attained. The UD solutions gave a first

indication of the performance of the CFD, and helped to check the correct

implementation of boundary conditions and solution parameters. However, as expected

from a first-order accurate scheme, there was clear evidence of numerical dispersion in

the results. The second-order accurate differencing scheme MARS was then used for all

the subsequent simulations.

Problems with

Problems encountered in all the initial trial runs involved low values of y on building

walls (as discussed in 4.1.10 and 4.3.4), especially within canyons where the flow was

slow and the wall boundary layer was relatively thicker.

A way of circumventing this problem was to increase UR in the inlet from 2ms (tunnel

conditions) to lOms4 . This scaling should not affect the comparison between wind

tunnel and CFD results, since the Reynolds number is sufficiently high. Ideally values

for should be between 20 and 500, but can be as low as 11.43. All runs with the

increased inlet velocity U R=lOms' were found to have y values in the entire domain

between 10 to 1100, which is considered a reasonable compromise.
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Representing the tracer source

The tracer source was initially represented as an inlet boundary, introducing a small

volume flux of air of an initial concentration C O3 to reproduce the tracer release

conditions in the wind tunnel. However in the final runs a simpler approach was used,

introducing the tracer as a constant mass flux rate of a passive scalar into the domain to

avoid influencing the surrounding flow field.

Asymmetrical solution for symmetrical case base

An interesting effect observed for case base during the preliminary runs (using MARS,

and an inlet boundary for the point source), was that after several iterations and at the

last stage of convergence, the solution switched from a symmetrical solution for the

flow and dispersion field, to an asymmetrical one similar to that observed in the wind

tunnel. This is illustrated clearly in the concentration contour plot in Figure 6-3. This

behaviour indicates that the original symmetrical solution was unstable, and once

rounding errors provided a slight perturbation in the solution, the flow converged to

another more stable, asymmetrical solution. This switch from a symmetrical to an

asymmetrical solution was not reproduced during subsequent runs, but tendencies in the

flow to switch to asymmetrical solutions could have been explored more systematically

by introducing slight perturbations in the inlet flow. However, it was decided not to

pursue this issue further due to limitations of time available.

6.3.2 'Empty tunnel' case results and checks

Empty tunnel cases base_nobuild and angle_nobuild were constructed using the same

meshing strategy as for cases base and angle_b; the spaces occupied by the buildings

were filled with fluid cells, thus preserving the same mesh distribution and refinement.

A roughness z0=O.00lm was specified of the entire tunnel floor area. The same

differencing scheme, turbulence model, inlet UR, and tracer source boundary

specification were used as for the other final runs.
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Wind field check

The inlet conditions used for the incoming wind stream for U, k and £ (Equations 4-27

to 4-30) should produce a horizontally homogeneous boundary layer which satisfies the

conservation equations for k and € (as discussed in 4.2.5, according to Richards and

Hoxey, 1993). A CFD solution for an empty domain over a flat rough wall should

preserve all these three profiles of U, k and e throughout the domain.

In both cases base_nobuild and angle_nobuild, the simulated vertical velocity profile

changed along the length of the domain only very gradually (due to boundary layer

development). The spanwise variation was also small, even near the ground where the

greatest variation was found. Slight mesh dependent effects could be seen for both

base_nobuild and angle_nobuild, but the overall variation was within 10%. The

predicted values of turbulence kinetic energy, k and turbulence dissipation, €, were also

found not to vary significantly; there were some only slight mesh dependent variations,

and a very gradual boundary layer development change across the length of the domain.

Dispersion field check

Simulated concentrations for the empty tunnel cases base_nobuild and angle_nobuild

are compared to wind tunnel measurements in Figure 6-1 and Figure 6-2. Vertical

profiles show the variation with height along y=0, at two positions downstream of the

centre of the intersection, at x=3 10mm and 560mm. Horizontal profiles show the

spanwise variation at x=3lOmm.

Simulated concentrations from cases base_nobuild and angle_nobuild are in reasonable

agreement with each other; differences between the two can be attributed to meshing

differences. Compared to experimental measurements, the simulations strongly

over-predict concentrations near the ground, and under-predict concentrations at higher

z. The disagreement between the experimental and CFD simulations is considerable and

may be attributed to the turbulence isotropy assumption of the k-c model, which does

not account for the effects of anisotropy in an actual or physically simulated

atmospheric boundary layer. This discrepancy has also been observed in other CFD

dispersion simulations buildings (e.g. in project EMU), particularly in regions further
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away from buildings; it has been suggested that the k-I turbulence model or other

models that account for turbulence anisotropy can yield more realistic dispersion results

than the k-E model.

6.4 Comparison of flow field results

6.4.1 Basic building arrangement

This section presents results from the CFD simulation case 'base' (which corresponds to

the 'base' experimental case). Simulation results are presented with reference to

available experimental data: vertical section contour plots shown in Figure 6-4 can be

compared directly to the experimental results in Figure 5-25. Scatter plots of simulated

and observed data pairs are presented in Appendix B. Main conclusions from the

comparison of simulated and experimental data are summarised schematically in Figure

6-7.

Vertical section plots: x-canyons

As expected, CFD simulation results for canyons AB and CD are symmetrical with

respect to the axis of symmetry of the building arrangement.

In section AB, U is significantly over-predicted by the CFD solution. There is also a

stronger vertical gradient of velocity than that observed, and a pattern of lower values in

the centre of the canyon, instead of a more uniform distribution across the canyon. In

section CD, the pattern of U is again different than that observed; instead of U

increasing in the middle of the canyon and decreasing near the sides, the overall pattern

shows values lower than those simulated for section AB.

Simulated W is effectively zero in both canyons AB and CD, as observed

experimentally. The simulated pattern shows low positive values in the middle of the

canyons (slightly larger than those observed) and very low negative values near the

walls of CD.
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Vertical section plots: y-canyons

Only simulation results from canyon section CA are shown; those from canyon BD

were the exact mirror image of the results in CA.

The contour plot of simulated V shows a horizontal re-circulation pattern very similar to

that observed. There is a small difference in way the pattern varies with height; the best

agreement is near the ground.

The contour plot of simulated W for section CA is nearly identical to that of LDA

measurements, showing a 'classic' vertical canyon re-circulation. The CFD to LDA

ratio for these results (see scatter plots in Appendix B) is very close to unity (=0.96) and

with a high correlation factor (=0.86).

6.4.2 Street width variations

This section presents results from the CFD simulations widthx_1 .5 and widthx_2, which

correspond to variations of the y-canyon width X (=1.5H and 2H). Simulation results

are presented with reference to available experimental data: vertical section contour

plots shown in Figure 6-5 and Figure 6-6 can be compared directly to the experimental

results in Figure 5-26 and Figure 5-27. Scatter plots of simulated and observed data

pairs are presented in Appendix B. Main conclusions from the comparison of simulated

and experimental data are summarised schematically in Figure 6-8.

Vertical section plots: x-canyons

As expected, the CFD results for canyons AB and CD are symmetrical with respect to

the axis of symmetry of the building arrangement.

Section AB: the contour plot of simulated U for widthx_l .5 is similar to that observed

(nearly uniform across the canyon), but shows a stronger increase of U with height. The

contour plot of simulated U for widthx2 also shows a nearly uniform pattern across the

canyon, but U is significantly over-estimated.
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Section CD: the contour plot of simulated U for widthx_1 .5 shows a pattern of increased

velocities in the middle of the canyon (due to flow convergence) which is similar to that

observed. The contour plot of simulated U for widthx_2 also shows increased velocities

in the middle of the canyon, but the overall magnitude is larger than observed, but less

(instead of greater) than the simulated values in section AB.

Simulated values of W are effectively zero in both canyons AB and CD, as observed.

The simulations show low positive values in the middle of AB and low negative values

near the walls of CD.

Vertical sections: y-canyons

Simulation results from canyon AC only are shown, since those from canyon BD were

an exact mirror image of those in AC.

The CA contour plots of simulated V differ noticeably from experiment (the contour

plot for widthx_2 differs more than that for widthx_l .5). The CFD solutions do predict

a horizontal re-circulation pattern with certain similarities with observations, but there

are significant differences. For widthx_2, the simulated inflow part of the re-circulation

extends through a much larger distance across the canyon, and the outflow part

consequently occupies a much smaller part on the other side of the canyon. This is also

the case for widthx_1 .5 near the ground, though the outflow part is stronger and

occupies more space at higher z.

The CA contour plot of simulated W for widthx_1.5 shows a vertical re-circulation

vortex broadly similar in pattern and magnitude to that observed with LDA. By contrast

the W predictions for widthx_2 differ markedly from LDA measurements; the

downward part of the vertical re-circulation extends much further across into the

canyon. These differences are clearly linked to differences in related features of the

simulated horizontal re-circulation. Further into the canyon, away from the intersection,

the simulated vertical re-circulation areas of downward and upward flow are more

uniformly distributed across the canyon (and are similar to the two-dimensional k-c

simulation results obtained by Sorensen et al. 1994, as shown in Figure 2-25).
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6.4.3 Block offset variations

This section presents results from the CFD simulations offset_10 and offset_60, which

correspond to offset cases Dy=lOmm and 60mm. Simulation results are presented with

reference to available experimental data, in the form of:

a) A horizontal section vector plot at z=2Omm for offset_60 (shown in Figure 6-11)

which corresponds directly to the plot of experimental data presented in Figure 5-30

b) Vertical section contour plots for offsetjO and offset_60 (shown in Figure 6-10 and

Figure 6-12, respectively) which can be compared directly with the experimental

results in Figure 5-31 and Figure 5-32.

A scatter plot comparison of simulated and observed values for horizontal section

measurements for offset_60 is presented in Figure 6-9. Scatter plots of the remaining

data are presented in Appendix B. Main conclusions from the comparison of simulated

and experimental data are summarised schematically in Figure 6-16.

Horizontal section plots

A visual comparison of the simulated and observed vector plots for offset_60 suggests

very good agreement. Patterns of flow exchange between canyons and the magnitude of

the velocities are very similar, with only a few differences: higher velocities at the

upwind end of canyon AB, and a weaker outflow form canyon BD. A point-by-point

comparison is shown in the scatter plots of Figure 6-9; although there is some scatter in

the results, the mean ratio of the CFD to LDA values is close to unity.

Vertical section plots: x-canyons

Section AB contour plots of observed U for offset_10 and offset_60 are nearly identical

to observed U for case base. The contour plot of simulated U for offset_60 is also nearly

identical to that of simulated U for case base. However, as for case base, U is

significantly over-predicted compared to experiment, and there is a different pattern of

lower velocities in the middle of the canyon. Oddly, the simulated pattern for offset_10
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is different to the solution for base, both in pattern and in magnitude, but simulated U

for offset_1O is again significantly over-predicted compared to experiment.

In canyon CD, the contour plots of simulated U for offset_1O and offset_60 are similar

to those observed, in terms of both pattern and magnitude (slightly over-estimated).

Simulated values of W in both x-canyons are effectively zero, in agreement with

experiment.

Vertical section plots: y-canyons

Contour plots of simulated V at section CA, for both offset_1O and offset_60 differ from

experimental ones. For offset_IO, instead of the observed pattern of horizontal

re-circulation, the simulated pattern is one of inflow only. In the case of offset_60, the

simulated contour plot shows a strong flow deflection into AC which is of similar

overall magnitude to that observed, but it is significantly different in pattern compared

to that observed.

For offset_i 0, the plot of simulated W in canyon AC shows a slightly distorted vertical

re-circulation pattern, which is similar to that observed. By contrast, simulated W for

offset....60 is very different to experiment; there is a vertical re-circulation pattern, which

is not distorted as observed, W is stronger, and there is also a stronger gradient of W

across the canyon.

For canyon BD, both the contour plots of simulated U for off set_lO and offset_60 show

a pattern of outflow from the canyon into the intersection, and U varies slightly with

height as observed. However, the magnitude of U for both offset cases is significantly

under-predicted.

The contour plot of simulated W in canyon BD for offset_l0 is very similar to the

classic vertical re-circulation pattern observed for offset_l0 (and for base). The contour

plot of simulated W for offset_60 also shows a vertical re-circulation pattern, which is

weaker than that observed.
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6.4.4 Wind direction variation

This section presents results from the CFD simulation angle_b (incident wind at

0=100) . Simulation results are presented with reference to available experimental data,

in the form of:

a) A horizontal section vector plot at z=2Omm (shown in Figure 6-13) which

corresponds directly to the plot of experimental data presented in Figure 5-33.

b) Vertical section contour plots (shown in Figure 6-15) which can be compared

directly with the plots of experimental results shown in Figure 5-34.

A scatter plot comparison of horizontal section simulated and observed data is presented

in Figure 6-14; scatter plots of the remaining data are included in Appendix B. Main

conclusions from the comparison of simulated and experimental data are summarised

schematically in Figure 6-17.

Horizontal section plot

The horizontal section vector plot shows patterns of flow exchange between canyons

and velocity magnitudes that are similar to those observed, but with some notable

differences. The flow in AB is predicted closely, as are the patterns of horizontal

re-circulation and flow deflection in the right half of the y-canyons BD and AC. In the

other half of the y-canyons, the simulated flow is much weaker, and there is less flow

out of canyon BD and into canyon CD.

A point-by-point comparison (see scatter plots in Figure 6-14) reflects the good

agreement in canyons AB and CD (positive U values) and also shows an overall

under-prediction of U and V (negative values) in y-canyons BD and AC.

Vertical section plots: i-canyons

The contour plot of simulated U in canyon AB is very similar to that observed. There is

the same cross-canyon gradient as in the corresponding LDA plot; there is excellent

agreement near the ground and slightly lower values at higher z.
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The CD plot of U shows a cross-canyon gradient (as observed) but lower values of U

towards wall C. This is consistent with less deflection of the flow towards wall C due to

the weaker simulated outflow from BD into CD (as can be seen in the horizontal section

vector plot). The variation of the simulated cross-canyon gradient with height is broadly

similar to that observed.

Simulated values of W in both x-canyons are effectively zero, in agreement with

observations.

Vertical sections: y-canyons

The CA plot of simulated V shows a well-defined horizontal re-circulation pattern, with

little variation with height, which is very similar to that observed (though slightly

weaker). The CA plot of simulated W suggests a slightly distorted vertical canyon

re-circulation pattern, which much less distorted than that observed but similar overall

in magnitude.

The DB plot of simulated V shows a nearly uniform outflow from the canyon into the

intersection, as observed; however, the magnitude of V is consistently under-estimated,

by about a factor of 2. The DB plot of simulated W shows a vertical canyon

re-circulation pattern, but this is very much weaker in magnitude than that observed.

This is in marked contrast to all the other DB plots of simulated W for cases base,

offset_1O and offset_60, all of which were similar to each other and to those observed.

6.5 Comparison of scalar dispersion results

6.5.1 Basic building arrangement

Two CFD concentration solutions for base are shown in Figure 6-18; one symmetrical

with respect with the incident wind direction, and one asymmetrical (a solution obtained

during a preliminary run, as discussed in section 6.3.1, and illustrated in Figure 6-3).

Due to the lack of wind tunnel data along the width of the x-canyon, it is difficult to

assess the CFD results since it is not possible to deduce a value of the peak
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concentration from the available experimental data. However, since the flow in the AB

and CD canyon for base was observed to be very similar to that for the small offset case

offset_lO, the peak value of the concentrations corresponding to base should also be

similar to that of offset_1O, i.e. C'-2.5.

The symmetrical CFD solution for base shows a plume of similar width to that

observed, but with lower concentrations in the middle of the x-canyon (much less than

2.5). The asymmetric solution seems to agree more closely with experimental results;

wind tunnel data are asymmetrical, and the pattern of concentrations shown in Figure

6-3 is very similar to flow visualisation observations for case base (Figure 5-4). The

peak value of concentration simulated is close to 2.5, though the width of the plume is

narrower than that observed.

6.5.2 Street width variations

The CFD concentration solutions for widthx_l .5 and widthx_2 are both symmetrical

with respect with the incident wind direction (as expected). The CFD solution for the

concentration field for widthx_1 .5 did not converge, and there are no available

experimental data to validate widthx_2, but the results from both these solutions are

included for completeness (Figure 6-19 and Figure 6-20).

The peak value of the concentrations in canyon AB for both widthx cases should be

similar to that of base (C'2.5), since the observed velocity field in AB for these cases is

similar. The CFD solution for widthx_l .5 gives a visibly thinner plume with a much

higher peak concentration than 2.5. The CFD solution for widthx_2 gives a broader

plume, with a much lower peak concentration.

6.5.3 Block offset variations

The CFD concentration solutions for all offset cases (Dy=l0, 20, 60 and 120) are

compared with the observations in Figure 6-21 to Figure 6-24.

The peak value of concentration is somewhat under-predicted by the CFD simulations

for small offsets 10 and 20, and over-predicted for large offsets 60 and 120, but by not

more than 20%. The concentration distributions are generally narrower (with the
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exception of the solution for offset_120), and the position of the peak is to the right of

the wind tunnel results. The simulated concentration trends also fall more rapidly with

distance into canyon AC than that of the wind tunnel results.

Simulated concentrations in canyon BD are very nearly equal to zero, as observed. The

positions where the concentration drops to zero in canyon AC are also predicted well,

with offset_10 being the least successful.

6.5.4 Wind direction variation

The comparison of the CFD results for angle_lO is shown in Figure 6-25. The peak

value of the simulated distribution corresponds closely to experiment and 'zero'

concentrations in canyon BD are predicted correctly, but concentrations fall more

rapidly into canyon AC.

Additional wind tunnel data are however available for angle_b, that allow a more

thorough comparison of the CFD solution. Simulated values corresponding to these

measurements are presented as contour plots (Figure 6-27), for each of three heights

z=2Omm, 62.5mm and 105mm. These can be compared directly to the corresponding

wind tunnel data contour plots in Figure 5-18.

Concentrations in canyon BD are consistently zero, at all heights, as observed. There is

a gradient of concentrations across AC (with greater concentrations on the upwind side

of canyon AC) similar to that observed. However, the simulated concentrations fall with

distance into AC at a more rapid rate than that observed.

The variation of the observed concentration pattern with height (uniform near the

ground, increasing gradient with height) is not predicted well by the simulation. Also,

concentrations near the ground are significantly over-predicted and those near the

canyon top under-predicted.

The simulated concentration patterns in AB show the detailed structure of the plume,

which appears to grow in the vertical (with downstream distance) at a significantly

slower rate than observed. There is a slight gradient of increasing concentration towards

wall B, which is generally consistent with observations. Finally, the simulated pattern in
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canyon CD is very similar to that observed (although the overall magnitude is again

over-predicted).

A scatter plot comparing CFD results with all available wind tunnel data points

(grouped by height, z) is presented in Figure 6-26. Although there is significant scatter,

simulated concentrations compare reasonably well with experiment overall, since most

data points fall within the 'factor of two' lines.

6.6 Complementing experimental data with CFD

The emphasis in this chapter was on comparing CFD results to available experimental

data, with the aim of assessing the reliability of CFD as a modelling tool (subject to the

constraints of available computational resources and the physical limitations of the k-E

turbulence model used).

However, the CFD simulations provided much more additional information, over the

entire solution domain, which is not presented in this thesis. CFD can be used as a

powerful investigative tool to complement experimental work, provided that its

predictions can be trusted and an indication of the level of uncertainty in the predictions

can be assessed based on comparison against experimental data. Also, the powerful

graphical interfaces and post-processing facilities available in most commercial CFD

codes can enhance the presentation and communication of complex, three-dimensional

flow and dispersion fields.

The effectiveness of CFD in complementing experimental data is illustrated here briefly

using particle tracking and choosing case offset_60 as an example (since the CFD

simulation for this case reproduced the salient aspects of the mean flow field correctly

by comparison to available experimental data). Particle tracking is one of the

post-processing facilities available in most commercial CFD codes; it allows the paths

of notional particles released into the domain to be calculated on the basis of the mean

flow field solution. These (Lagrangian) paths help visualise the simulated flow field in

three dimensions, and illustrate dispersion mechanisms due to advection (though not

due to turbulent diffusion).
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Figure 6-28 illustrates mechanisms of pollutant exchange between canyons, using

particles released at the positions of vertical cross-section measurements. Figure 6-29

illustrates dispersion mechanisms due to line sources, by releasing particles along the y

and x-canyons. Open squares show the positions at which particles were released, and

the coloured lines are forward time trajectories.

These plots provide a clear illustration, for example, of the helical motion in the

y-canyons due to the combination of along canyon flow and vertical canyon

re-circulation, and of the pollutant exchange between canyons and the variety of

source-receptor relationships inferred previously on the basis of experimental data.

There is also information on the exchange of pollutants between the canyons and the

flow above; comparatively few particles escape the canyons from above (at canyon mid-

length) and the role of the horizontal patterns as the dominant pollutant dispersion

mechanism is shown clearly.
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Figure 6-3 Concentration contour plots illustrating the switch in the solution for
case base (top: initial symmetrical solution, bottom: asymmetrical solution)
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Figure 6-8 CFD widthx_1.5 and widthx_2 flow simulations: summary of results
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Figure 6-28 Offcet_60 particle tracking simulation: canyon pollutant exchange
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Figure 6.29 Offset_60 particle tracking simulation: dispersion from line sources
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Chapter 7

Discussion of the relevance and applications of the results

7.1 Enhanced understanding of flow and dispersion at intersections

The wind tunnel experimental results presented in this thesis offer extensive information

on the flow and dispersion field associated with various arrangements of four cuboid

buildings. These building arrangements, variations on the symmetrical 'base' case, are

idealised representations of a common urban feature: an intersection of four street

canyons, or a unit of repetition of an urban building array.

In contrast to previous urban intersection dispersion studies (reviewed in 2.8),

dispersion measurements in the present research were complemented by detailed flow

visualisation and flow field measurements. It was therefore possible to explain the

dispersion behaviour based on an improved understanding of the flow, and draw some

fundamental and more generally applicable conclusions.

7.1.1 A new concept for interpreting flow and dispersion at an intersection

A novel concept has been introduced in this thesis for interpreting the complex and

three-dimensional flow and dispersion field at an urban intersection. Using flow

visualisation, tracer dispersion and LDA measurements, it has been shown that the flow

and dispersion at an intersection can be understood in terms of two co-existing main

features:

a) 'vertical' canyon re-circulation patterns (e.g. classical canyon 'vortex') as observed

over 'vertical' normal canyon cross-sections

b) 'horizontal' patterns of flow and pollutant exchange between canyons via the central

area of the intersection. (as observed over 'horizontal' sections parallel to the

ground)
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Describing the complex three-dimensional flow and dispersion fields in terms of these

vertical and horizontal two-dimensional patterns is a significant simplification; this idea

first emerged during the flow visualisation experiments, and was subsequently used to

optimise the selection of measurement positions for the tracer dispersion and LDA

experiments. The two-dimensional vertical and horizontal sections selected for the LDA

flow measurements also helped structure the interpretation and evaluation of the

three-dimensional CFD data.

'Vertical' canyon re-circulation patterns

The 'vertical' canyon re-circulation patterns correspond to the well-known

two-dimensional flow patterns observed in symmetrical height canyons in the absence

of an intersection. As observed with flow visualisation, these canyon re-circulation

patterns were found to exist over the length of each of the intersection canyons (with the

obvious exception of canyons aligned with the incident wind direction), and were found

to persist even quite close to the intersection. In some cases however, as shown by the

LDA measurements, the vertical re-circulation was observed to become somewhat

distorted near the central area of the intersection.

Some previous canyon studies have considered the flow distortion in the vertical canyon

re-circulation caused by canyon 'end-effects', and previous intersection studies have

also made conjectures about the effect of an intersection on the classic canyon

re-circulation. Figure 2-28 shows an old illustration by Hoydysh et a! (1974) which

illustrates canyon end-effects. The notion of an intersection 'area of influence' was

proposed in Scaperdas and Colvile (1999), to describe the extent around the central area

of the intersection where the classic canyon re-circulation patterns would be affected.

However, in this study it was shown that this distortion is not the only or indeed the

most important influence of an urban intersection; the dominant features of the flow and

dispersion field associated with intersections are the horizontal flow patterns, illustrated

and studied in detail in this work.
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'Horizontal' flow patterns

Horizontal flow patterns (i.e. patterns of flow along horizontal x-y sections), were

observed directly for most of the building arrangements using flow visualisation and

LDA flow measurements. These patterns have been illustrated in this thesis by the flow

visualisation snapshots (in 5.3), LDA horizontal section vector plots (in 5.5.4 and 5.5.5)

and the summary diagrams for all LDA measurements (in 5.5).

A variety of horizontal flow patterns were observed for the different intersection

building arrangements studied (as discussed further in 7.1.2). These featured flow

channelling, deflection and re-circulation, and caused significant flow and pollutant

exchange between canyons via the centre of the intersection.

The horizontal patterns were found to be a dominant factor in shaping the near-field

dispersion behaviour at an urban intersection. Consequently, understanding and

describing them is a key element for interpreting the dispersion field at an urban

intersection. Their importance as flow and pollutant exchange mechanisms is discussed

further in 7.1.3.

7.1.2 Range of observed horizontal flow patterns

A considerably greater number of parameters is involved in defining the geometry of an

urban intersection (or an array), than in defining a two-dimensional urban canyon. In

this work the main geometrical parameters varied were canyon widths X and Y,

incidence angle e, building offset Dy, and a variety of horizontal flow and near-field

dispersion patterns were observed.

Not only are there many parameters and many different types of flow to consider when

studying an intersection, but also the effect of varying each one of the parameters can be

complex. In some cases the flow and dispersion can be insensitive to the variation of a

particular parameter (e.g. dispersion patterns for 0=100 and 0=30° were similar), though

they can be very sensitive to small changes in other situations.

For example, small deviations from a symmetrical arrangement led to marked changes,

and it also seems that there are certain parameter value 'thresholds' associated with
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non-symmetrical building arrangements. For example, for wind directions at an angle,

increasing the value of X/H beyond the threshold value of 1.5 changed the pattern of

flow exchange between the canyons significantly (5.3.4). This is analogous to the

threshold values of WIH associated with the vertical canyon re-circulation, leading to

three different characteristic flow patterns (or 'regimes') as described by Oke (2.6.1).

In this thesis only one parameter was varied at a time, starting from the 'base' case

geometry for simplicity, since there is large number of different building arrangements

corresponding to the possible combinations of these parameters. Understanding the

effect of varying each parameter separately is useful, as it provides the scope for

generalisation and simplification of the problem by identifying overall trends (e.g. the

similarity of flow deflection patterns for angle and offset cases). However the combined

effect of varying several parameters simultaneously is still difficult to predict. For

example, the flow associated with an intersection with offset Dy at an angle of

incidence 0 would be straightforward to predict if Dy and 0 are of the same sign; in this

case the horizontal flow patterns for both cases are similar and would be expected to

reinforce each other. By contrast, if Dy and 0 are of opposite sign, it is not possible to

predict the resulting flow, since the flow patterns for the two cases are of opposite

direction.

The effect of length of the constituent canyons L and L (and corresponding array

densities, ? and ?) is also expected to have an important influence on the flow

patterns. Those described in this thesis are likely to be only applicable to relatively

dense arrays, for which the spacing of the canyons, X and Y is several times less than

the building plan dimensions (L and Lv).

The effect of nearby buildings and of the wider urban array surrounding an intersection

was only addressed briefly. It was shown that buildings at the sides of the intersection

suppressed the flow-switching tendency, and upstream buildings appeared to cause an

overall flow deceleration without affecting the overall flow patterns. The majority of the

results presented in this thesis were based on studying intersections in isolation instead

of as part of a wider urban array of buildings, and therefore the generality of these

results will depend on the significance of the effect of surrounding buildings. It is not

possible to assess the limits of the applicability of the results presented in this thesis on
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the basis of available data. Nonetheless, it appears that intersections corresponding to

dense arrays (as those studied here, rather than sparse arrays) can be studied in isolation

without much loss of generality.

7.13 Importance of 'horizontal' flow and pollutant exchange

Horizontal flow patterns and volume flux estimates

The important role of the horizontal flow patterns as a canyon flow and pollutant

exchange mechanism was illustrated and quantified with the LDA measurements of U

and V across vertical canyon sections near and around the centre of the intersection. The

patterns of U and V were found to vary only gradually with height, indicating that the

flow exchange between the canyons is largely de-coupled from the vertical canyon

re-circulation, with some exceptions (e.g. distortion of vertical canyon re-circulation

near the intersection in some cases).

This idea is consistent with the observation in previous canyon studies (2.7.1) that flow

along the longitudinal axis of a canyon is effectively de-coupled from the vertical

re-circulation. For example, when the above canyon flow is at an angle to the canyon

axis, the resulting flow is the superposition of the vertical circulation driven by the

component of flow across the canyon, and a flow along the length of the canyon, driven

by the along canyon component.

Estimates of volume flux through each vertical canyon cross-section presented in

Figure 5-37 give an indication of the percentage of flow exchanged between the

canyons, and by continuity, also that with the external flow. The exchange between the

canyons was found to vary for each of the cases, and was substantial for all the

non-symmetrical cases. In nearly all cases, the flow exchange between the canyons was

found to balance, indicating very little upward flux. The exception was angle_b, for

which a strong upward flux was inferred; this could be the result of underestimating the

flux into AC relative to the other canyons, due of the lack of data near the C canyon

wall where the flow deflection into AC would be expected to be strongest.
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Pollutant fluxes

To measure the pollutant mass fluxes through canyon cross-sections directly, it would

have been necessary to make measurements of concentration at the same positions as

for the LDA flow measurements. Both mean concentrations and concentration

fluctuations would have to have been measured to calculate the mean pollutant mass

flux E(Cpuj6A), as well as the flux due to turbulent mass transfer.

Nonetheless, information on the mean volume fluxes can be used as a broad estimate of

the mean pollutant fluxes, assuming that the pollutant flux is dominated by the mean

advection rather than turbulent diffusion, and by using an estimate of the mean

concentration across canyons. Such an approach is described in 7.3.2, in the context of

designing a simple dispersion model of an intersection.

There is another way to compare mass fluxes on the basis of the available data

presented in this thesis. Taking the Dy variation cases as an example, the mass flux for

different Dy cases into the AC canyon from AB can be compared by inspection of the

areas under the curves of the concentration graphs presented in Figure 5-15. Since the

vertical re-circulation pattern can be assumed to be the same (unaffected by varying Dy)

the rate of dilution of pollutants within canyon AC (due to flow exchange with the air

above the canyon via the vertical re-circulation pattern) will also be the same. The total

mass of pollutants in AC is therefore directly proportional to the mass flux through the

section of AC. The area under the curve in Figure 5-15 (integral of pollutant mass along

the z=2Omm line on the wall of canyon AC) should be broadly proportional to the total

mass of pollutants in AC (assuming that the concentration field varies mostly along the

length of the canyon, i.e. the pollutants are relatively well mixed across the canyon, and

that the concentration field is similar at various z). It can therefore be seen that a larger

mass flux enters canyon AC with increasing Dy (although the peak value of

concentration decreases), which is consistent with the volume flux results for offset_i 0

and offset_60. The same consideration cannot be used for comparing the fluxes in the

variable width and angle cases, since the vertical canyon patterns are affected by

varying X/H and 0.
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7.1.4 Sensitivity to small changes, switching and bi-stable behaviour

Intersection building arrangements which are symmetrical with respect to the incident

wind direction (e.g. 'base' case at 0=00) are extremely sensitive to small changes in the

incident flow and the building arrangement.

This 'sensitivity' is manifest in two ways:

a) instead of a unique and symmetrical (mean) flow pattern, there are a number of

asymmetrical flow patterns associated with symmetrical building arrangements. The

flow may either 'switch', i.e. alternate between the different possible flow patterns

with a tendency to 'prefer' (on average) one of the possible patterns, or be stable and

not alternate, assuming only one of the possible flow patterns ('bi-stable'

behaviour). In either case 'preferences' of the flow will depend on (and be sensitive

to) minute asymmetries in the building arrangement or approach flow. The

switching or bi-stable behaviour is influenced by the flow in the y-canyons, as was

found by varying XILy, blocking the sides of the canyons or placing additional side

blocks.

b) small departures from a symmetrical building arrangement may lead to markedly

different flow and dispersion behaviour. This was shown e.g. by varying Dy or 0 in

the 'base' case; even a small difference of Dy=0.5H or 0=5° was sufficient to

change the flow into a unique stable pattern, and enhance flow and pollutant

exchange between the canyons.

A number of practical issues stem from this understanding. Repeated dispersion

experiments for symmethcal intersections (either isolated or part of an array) will yield

results that may differ by a larger margin than the expected measurement error. Each

time an experiment is set up in the wind tunnel (or in the field) there will inevitably be

slight differences and asymmetries, either in the approach flow or in the building

arrangement. Evidence of this effect can be also be seen in the results of previous

intersection and array studies (e.g. Hoydysh and Dabberdt (1994), Wedding et a!

(1977)); Figure 2-29 (from Hoydysh and Dabberdt) is one such example of asymmetric
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results for symmetric boundary conditions, though this effect was neither pointed out

nor discussed in any of the studies mentioned above.

It may be argued that the symmetrical situation is, in practice, the exception rather than

the rule. In actual cities it may occur only for a narrow band of wind directions, and

only for very uniform urban intersections/arrays. Nevertheless, the majority of array

studies have focused on symmetrical arrays at normal incidence. Although the emphasis

of these studies has traditionally been on the far-field dispersion, the considerations of

the flow sensitivity discussed here are particularly relevant to understanding the

near-field dispersion behaviour in such arrays.

Also, CFD simulations of problems with symmetrical boundary conditions will produce

symmetrical solutions, unless the accumulation of numerical error leads to an

asymmetry. CFD modellers will usually force symmetry in their simulations, by

considering only half of the domain and by imposing a symmetry boundary condition

over the symmetry plane of a given geometry. However, asymmetrical solutions may be

more realistic; as described in 6.3.1 and illustrated in Figure 6-18, one of the CFD

solutions for the symmetrical 'base' case settled into an asymmetrical flow pattern,

which was similar to those observed in the wind tunnel. This is an issue to consider

when modelling symmetrical arrangements; to account for the asymmetrical behaviour

observed in practice but not normally obtained in the CFD solutions, a potentially useful

approach could be to introduce small perturbations in the upstream flow of a CFD

simulation to explore tendencies of the flow to settle into different asymmetrical states.

Furthermore, the sensitivity of the flow and dispersion behaviour to small changes

discussed above is relevant information in addressing questions of much practical

importance in urban modeling, such as how detailed a model should be to capture the

important flow and dispersion behaviour, and the margin of uncertainty due to the detail

of the actual urban building arrangements and the direction of the incident flow.
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7.2 Evaluation of CFD modelling

This section presents a critical discussion and synthesis of the results presented in

Chapter 6, with the aim of providing an overall evaluation of the CFD simulation

results.

7.2.1 Flow solutions

The CFD solutions for base, offset and angle cases reproduced the salient features of the

flow patterns observed in the wind tunnel, both in terms of the horizontal and vertical

flow patterns, however with some notable discrepancies in the detail of some of the

flow features.

CFD predictions for the widthx cases (X=l .5H and 2H) were noticeably less successful

than the others, the quality of the CFD solution deteriorating with increasing X. The

poor performance of the CFD for these cases may however be the result of insufficient

refinement of the mesh in the y-canyons. The effective refinement (cell dimension/H) in

the wider y-canyon widthx decreased with increasing X, since the same number of cells

was used in the y-canyons as in case base. Therefore, these cases will not be considered

further in the evaluation of the CFD performance in this section.

The vertical section CFD predictions of W in the y-canyons (corresponding to vertical

canyon re-circulation patterns) agreed very closely (within the range of experimental

error) with the LDA data in canyon sections where the vertical re-circulation pattern

appeared to be unperturbed (i.e. in DB sections). Case angle_b was the only exception,

with a surprisingly weak vertical re-circulation predicted in canyon BD. CFD

simulations were generally less successful in predicting perturbed vertical re-circulation

patterns (e.g. section AC for offset_60 and angle_i 0).

The vertical section CFD predictions of W in the x-canyons were near zero and

therefore in overall agreement with the wind tunnel data. The CFD simulations

generally over-predicted U in canyon AB, and this can be seen both in the vertical as

well as in the horizontal section plots.
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The horizontal section CFD predictions for offset_60 and angle_lO were in good overall

agreement with the experimental LDA data. The predicted magnitude of the velocities

for offset_60 correlated well with LDA data (the average ratio of observed and

simulated values was close to unity), although with some scatter of the results within

about a factor of two. The CFD solution for angle_lO systematically under-predicted

component U in the y-canyons, though this appears to be consistent with the markedly

weak vertical re-circulation predicted in the y-canyons.

To conclude, the CFD simulations reproduced the overall features and magnitude of the

horizontal flow patterns correctly, even for the particularly challenging cases of small

Dy (offset_i 0), and small 9 (angle_i 0). The unperturbed vertical canyon re-circulations

were predicted very closely (with the exception of angle_b) but the perturbed canyon

re-circulation predictions were generally less successful.

7.2.2 Dispersion solutions

The dispersion patterns for all cases (again, with the exception of the widthx cases)

reproduced the variation of concentration along the standard line (z=2Omm, on walls C

and D) within a factor of two of the experimental values.

The measurement positions along the standard line only allow a limited comparison of

the CFD concentration solution; however they do give an overall indication of the

success of the CFD simulations in representing the pollutant transfer into the y-canyons.

The additional extensive wind tunnel concentration data available for angle_b allowed

a much more thorough comparison of the CFD predictions. The CFD reproduced some

but not all of the expected features in the variation of the horizontal dispersion pattern

with height (as shown in the contour plots of Figure 6-27). The simulated growth of the

plume in the vertical (with downstream distance) was significantly slower than

observed, and consequently, concentrations near the ground are over-predicted, whereas

those near the top of the canyons are under-predicted. Nevertheless, the majority of the

points on the scatter plot comparison were within the limits of a factor of two.
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The broadly successful CFD predictions of the concentration field may seem

contradictory in the view of the biased plume spread predictions in the empty tunnel

simulations nobuild_base and nobuild_angle, which were used as a baseline CFD

dispersion check.

However, the dispersion in the empty tunnel is driven by turbulent diffusion, whereas

the near-field dispersion at the intersection should be expected to be dominated by the

strong localised advection patterns. A well-known deficiency of the k-c turbulence

model is the isotropic turbulence assumption, which could explain the discrepancies in

the plume spread predictions in the empty tunnel. Nevertheless, if the near-field

dispersion is indeed advection dominated, then the success of the dispersion field

simulation will correspond to the quality of the flow prediction; this could explain the

overall success of the dispersion prediction for the intersection cases, given the quality

of the CFD (mean) flow field predictions. This is an issue that merits further study.

7.2.3 Discussion of evaluation limitations

CFD modelling is evaluated in this work based on simulations of flow and dispersion

carried out using a commercial CFD code, computational resources typically available

to industrial CFD modellers, and based on user decisions informed by existing 'best

practice' guidelines (as described in Chapter 4). User quality control procedures were

also implemented, to ensure that the problem was posed physically correctly, and as

intended. Therefore it is valid to assess the usefulness of CFD as a practical modelling

tool (i.e. under the constraints discussed above) on the basis of the results presented in

this thesis.

However, it is important to emphasize that within the limits of this evaluation it is not

possible to make a direct assessment of the Chen k-c turbulence model on which the

simulations were based. None of the CFD solutions presented in this thesis can be

expected to be 'mesh independent', i.e. the use of a more refined mesh would probably

result in differences in the solution. Also, the remit of this work did not include testing

the sensitivity of the results on user decisions such as the representation of the tracer

source or the extent of the solution domain.
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7.3 Applicability of the results to urban air quality modelling

7.3.1 Implications for existing urban dispersion modelling methods

Two-dimensional urban canyon models

As discussed in Chapter 2, two-dimensional canyon parametric models represent the

only practicable method available for including near-field effects in urban dispersion

modelling. In ADMS-Urban for example, roads are represented as line sources and a

far-field 'background' concentration is calculated using the core ADMS Gaussian

model. The effect of near-field dispersion in the canyons is included as a separate

'post-processing' task, by superposing a spatial variation of concentration within each

urban canyon, as calculated by the street canyon model OSPM.

This simplified modelling approach is plausible since the (vertical) canyon

re-circulation pattern has been shown to be a persistent feature of localised flow in

urban canyons, causing elevated values of pollutant concentrations which vary

considerably between the two sides of the canyon. It is also the best available method,

since the flow and dispersion in (symmetrical) canyons is comparatively well

documented and is amenable to simple parametric modelling. Other aspects of

near-field dispersion associated with unequal height canyons, canyon end-effects and

the effects of intersections are complex, poorly understood, and therefore cannot be

included.

A recent evaluation of ADMS-Urban applied to modelling central London air quality

(Carruthers, 1999) showed that the superposition of street canyon effects to the

Gaussian solution introduced in ADMS-Urban, led to improved agreement with

monitoring data within urban canyons.

Nevertheless, despite the merits and apparent success of this method there are also some

important inherent weaknesses and limitations. These are primarily due to the

assumption that canyons act as effectively separate, mutually isolated units; canyons are

assumed to be coupled only with the above canyon flow (via a 'background'
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concentration boundary condition), allowing for only one possible pollutant exchange

mechanism, along the top of the canyons.

However, canyons are not isolated entities in a city. It is obvious that they are not

isolated geometrically, since they are part of an interconnected road network. Roads

either meet at, or are punctuated by, urban intersections. How is the road network

geometry represented in an ADMS-Urban or similar model? Unless each road segment

is to be represented by a separate canyon, intersections become irregular, badly defined

points that belong simultaneously to two or more different urban canyons.

But more importantly, the effect of intersections on the flow and dispersion in the

constituent canyons is not negligible. This issue has been largely ignored or avoided,

but on the basis of the research presented in this thesis it is now possible to address it

more fully. It is clear from the wind tunnel and CFD results that strong horizontal flow

patterns act at intersections, along with the expected vertical canyon re-circulations.

Due to these horizontal flow patterns:

a) the vertical canyon re-circulation may become distorted near the intersection,

b) there is a strong canyon-to-canyon flow and pollutant exchange, which acts as a

significant additional mechanism of near-field dispersion.

This pollutant exchange between the canyons of an intersection varies according to

building shape, building arrangement and orientation to the incident flow. If the wind

direction is aligned with the canyon axis, and there are narrow intersecting canyons at

right angles (e.g. as for experimental case X=O.5H, 9=0, as illustrated in Figure 5-5), the

flow and pollutant exchange between the canyons is nearly negligible, and the canyons

are effectively de-coupled. However for the majority of cases, i.e. for staggered (offset)

intersection geometries, T-junctions, unequal building height intersections, and the

general case when the incident wind direction is at an angle to an intersection of

canyons, there is significant flow and pollutant exchange between the constituent

canyons.
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If we were to model the intersections studied in this thesis using the ADMS-Urban

approach, the results would be significantly different to both the wind tunnel and CFD

results presented, because ADMS-Urban assumes no pollutant exchange between

canyons.

A parametric representation of dispersion at an intersection that would include canyon

pollutant exchange effects, could potentially be used to extend the scope of

two-dimensional canyon models, and modelling approaches such as ADMS-Urban.

Ideas for developing such a model are proposed in 7.3.2 below.

Urban building array modelling

The information on the flow and dispersion behaviour at intersections presented in this

thesis can be used to help bridge the gap between far- and intermediate-scale array

research, and near-field urban dispersion. The intersection geometries studied

correspond to a rather dense array (with A,,=O.68, =O.25), corresponding to the

building density of an urban centre.

The concept of interpreting the complex flow field in terms of vertical and horizontal

flows may be applied to explaining the flow and dispersion behaviour in the near- and

intermediate field of urban arrays. For example, the horizontal spread of a plume in an

array is directly linked to the localised horizontal flow and pollutant exchange via the

constituent intersections. For example, the suppression of horizontal plume spread in a

non-staggered array at normal incidence observed in previous array studies (2.6.1), is

clearly due to the limited flow and pollutant flux entering the cross-flow canyons

observed in the present work. By contrast, staggered arrays, corresponding to the offset

intersection cases, will produce a marked horizontal plume spread due to the strong

horizontal flow deflection patterns. Also, for wind directions at an angle to a regular

array, a sideways deflection of the plume can also be expected, due to the horizontal

exchange mechanisms and channelling along the y-canyons described in this thesis.

The 'secondary entrainment' model by Davidson (2.6.1), used to explain plume growth

in an array, is based on the effect of vertical exchange with the above canopy flow and

the exchange of material trapped in the wakes of the individual buildings making up the
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array. However, this approach is only applicable to sparse arrays of low X, and ?. To

extend this model to more dense arrays, the effect of horizontal canyon to canyon

exchange and flow channelling along the canyons should be taken into account. The

ideas for a parametric representation of dispersion at an intersection proposed in 7.3.2,

may be usefully applied to extending the existing far- and intermediate-field array

models mentioned in Chapter 2.

CFD applied to urban dispersion modelling

CFD simulations reproduced the salient features of the horizontal flow patterns, and

agreed well, overall, with the flow and dispersion measurements in the wind tunnel.

There is therefore much scope for using CFD as an investigative tool, for understanding

the flow patterns at urban intersections and indeed around any small group of buildings,

and for estimating the dispersion field in the near field, where the effect of localised

mean flow (advective) patterns is dominant.

However, there is still significant uncertainty involved in CFD modelling of bluff-body

flow and dispersion. This is not only due to the inherent limitation of turbulence closure

models (such as the k-E model), but also to sensitivity to user strategy decisions such as

mesh refinement and design, boundary condition specification, discretisation schemes,

as well as user error. A complementary wind tunnel and CFD modelling approach, as

used in this research, is a reliable and very effective method of modelling complex

urban geometry flow and dispersion.

Larger scale modelling integration

In this work, the understanding of urban near-field dispersion was extended from the

limited two-dimensional isolated urban canyon to the more extensive three-dimensional

urban geometry unit of the urban intersection. This is an important step towards

integrating the street canyon into the larger urban array and for addressing the complex

problem of linking the different dispersion modelling scales and methods. For example,

including mechanisms of pollutant exchange between canyons in Gaussian models such

as ADMS-Urban and existing array models, is a step towards integrating near-field and

larger scale dispersion models.
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Also, the detail of the urban shape can influence the larger scale interaction of the

boundary layer flow with the urban rough surface (e.g. in terms of the overall shape of

the boundary layer profile, effective roughness, plume spread rates). Accounting for

such effects provides another important linkage between the scales; using the

approaches adopted in this research but focusing on the exchange of flow and pollutant

fluxes with the above canopy flow (instead of the horizontal exchange between

canyons) could provide useful new insights in this direction.

7.3.2 Towards a parametric urban intersection dispersion model

A conceptual framework for developing a parametric model of an urban canyon

intersection is presented in this section. The aim is to include the two main effects of:

a) strong canyon-to-canyon horizontal flow and pollutant exchange, as a significant

additional mechanism of near-field dispersion, and

b) distortion of the vertical canyon re-circulation near the intersection,

as observed for the intersection types studied in this thesis (i.e. corresponding to dense

arrays of high ? and , and of equal building heights).

The horizontal flow between canyons via the central area of the intersection is

effectively de-coupled from the vertical re-circulation (as discussed in 7.1.3). Therefore

modelling the effect of the horizontal flow patterns can be simply superposed onto

existing two-dimensional canyon models (which already model the effect of the vertical

re-circulation). What is needed is a simple method of apportioning the flux of pollutants

(and unpolluted air) from canyon to canyon via the central area of the intersection. This

can then be used that as input (in terms of an additional source or dilution term) into a

two-dimensional canyon model applied to each of the canyons separately (e.g. using

models such as the CPBM or the OSPM).

A simple way to model this pollutant exchange is illustrated in Figure 7-1, based on

empirical wind tunnel information on the volume flux exchange between canyons;

volume fluxes b, 1BD etc. through each of the canyon vertical sections near the
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intersection (as given in Figure 5-37). Using angle or offset cases as an example. the

pollutant mass flux through vertical section AB, is approximately equal to ABCAB.

where CAB is the mean concentration averaged over the vertical section. and CAB can be

modelled using a two-dimensional canyon model applied to AB. A fraction a.DAB.CAB

of the mass flux through AB will go into canyon AC (in fact a4AB = 0AC in this case).

The remaining fraction 1ABCAB (where =l-a) is directed into canyon CD, together

with all the mass flux out of BD (BDCBD).

This is a simple method to describe the complex dispersion field at an intersection.

However, the flow apportionment has to be worked out empirically (or with CFD) on a

case-by-case basis. This is a major complication, since there is a great number of cases

to consider (as discussed in 7.1.2). To develop this method into a practical dispersion

model, many more different building arrangements need to be studied, extending the

parameter space to include e.g. variable height buildings. variable Ly and Lx. and the

effect of surrounding buildings.

Figure 7-1 An illustration of a simple parametric intersection dispersion model

Including other localised effects, such as the distortion of the vertical canyon

re-circulation near the intersection, and the horizontal re-circulation patterns due to
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separation from the corners is much less straightforward. 'Areas of influence' where the

two-dimensional vertical re-circulation flow becomes distorted could also be defined,

though the effect this has on the dispersion field is probably negligible compared to the

effect of the horizontal pollutant exchange. However, the localised horizontal

re-circulation patterns around corners should be taken into consideration since sources

within the re-circulation areas will create high concentrations locally (as e.g. for the

well-known example of a source within the near-wake re-circulation bubble

downstream of isolated buildings described in 2.5.1)

7.3.3 Relevance to urban air quality assessment and policy

Near-field dispersion modelling is an important part of urban air quality assessment

since pollutant receptors (e.g. people, vegetation, buildings) are exposed to pollutants

emitted within small distances in the urban canopy, mainly by vehicles in the streets.

The near-field concentrations are measured in the UK by so called 'kerbside' and

'roadside' monitors near urban streets, and are modelled either based on a statistical

analysis of monitoring data or using urban canyon based models such as ADMS-Urban.

From the discussion in 7.3.1, it is clear that existing two-dimensional canyon models are

limited in as much as they do not allow for canyon-to-canyon pollutant exchange at

urban intersections. This limitation could lead to incorrect predictions, especially in

dense urban arrays of high .

For example, a significant fraction of pollutants from a busy main road could be

transported into quiet residential side streets, an effect that would be strongly

under-predicted with existing modelling methods. Or in the case of a catastrophic

release due to a road accident involving a hazardous spill, an existing model would

again fail to account for the effect of canyon-to-canyon exchange. This would be

particularly severe in the case of a dense gas release, which would spread horizontally

through the urban canyons rather than vertically.

As reviewed in Chapter 2, there has been much interest in traffic modelling at urban

intersections, with accompanying interest in modelling the enhancement of emissions at

urban intersections due to traffic idling and queuing. Intersections are therefore widely
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considered as emissions 'hotspots'. Nevertheless, there have been only extremely few

studies in the literature on the dispersion behaviour at intersections, and existing

near-field urban modelling methods are not applicable to modelling intersections. The

ideas presented in 7.3.2 could lead to the development of a useful parametric urban

intersection dispersion model.

Despite the difficulty associated with modelling dispersion in the near-field, modelling

this scale is crucial for assessing the effects of air pollution. Common and important

areas of interest to local authorities, environmental and health organisations include the

effect of outdoor traffic pollution on indoor air pollution, the impact of a new

development site in an urban centre, the influence of pedestrianisation, or localised

traffic diversion measures. However, it is not possible to model such effects with

existing simple models. For such applications more reliable and sophisticated methods

are required, such as physical scaled modelling (e.g. wind tunnel modelling) and CFD

modelling. Unfortunately, both these methods are usually too expensive for the budget

allocated to air quality assessments, with the notable exception of dispersion studies for

industrial sites with a high risk for hazardous releases. Nevertheless, CFD is becoming

increasingly popular due to the cunent rapid growth of available computing power that

has now made CFD packages available to the PC user.

Although the wider availability, and increasing use of CFD for bluff-body applications

such as urban flow and dispersion problems is certainly encouraging, there is also a real

danger of inappropriate use of CR) becoming widespread. As discussed in detail in this

thesis (Chapter 4), CFD modelling requires a significant amount of expertise and

awareness of the principles and applicability of this method, as well as the inherent

uncertainties. Furthermore, CFD predictions can be very sensitive to modelling strategy

adopted by different users, even very experienced users (as found in the EMU project

(EMU, 1997)). Although CFD can produce good overall predictions for some cases as

found in this thesis, it is not yet a reliable tool for three-dimensional complex bluff-body

flow and dispersion problems like those encountered in practice; validation against

experimental data is still necessary.

Unfortunately, there are examples of CFD code vendors marketing CFD to

inexperienced users in organisations such as local authorities, by making misleading
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claims on the performance of their package, and by encouraging a 'black box'

modelling approach. Such blind and inappropriate application of CFD, to situations for

which it is unreliable (even with careful and expert use), can only produce arbitrary

results and encourage user complacency and ignorance. It is therefore crucial that the

expert academic and professional CFD users should contribute to heighten awareness of

the uncertainties, and widely disseminate experience and information on the actual

applicability and performance of CFD modelling.

7.4 Experience gained in applying wind tunnel and CFD techniques

7.4.1 Wind tunnel experiments

Flow visualisation, tracer dispersion and LDA flow measurements proved a successful

combination of methods for studying the localised flow and near-field dispersion

behaviour in the wind tunnel.

Although flow visualisation and tracer dispersion techniques have been used extensively

in previous urban dispersion modelling studies, the application of LDA is relatively

new. To measure velocities across vertical sections within the model canyons, the probe

was positioned within a specially designed model building with an optical window on

one side (as described in 3.6.4). This method was applied successfully in practice and

had the important advantage of being unobtrusive to the flow. There were differences

between duplicate measurements of vertical, and horizontal section measurements (for

which the probe was placed directly in the flow) which indicated that positioning the

probe in the flow could actually cause significant disturbance in some cases.

7.4.2 CFD simulations

In previous near-field urban dispersion studies CFD was primarily used to model simple

symmetrical canyons in two-dimensions. In this work, a number of more challenging,

fully three-dimensional urban intersection geometries were modelled, and much

experience was gained in developing strategies to deal with a number of practical issues.
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Chapter 4 contains a careful discussion of the background of CFD modelling and a

detailed description of the CFD strategies adopted. As in most CFD studies, mesh

generation was a particularly time-consuming task, and much thought was invested in

devising mesh designs subject to a number of practical constraints. Two meshing

strategies were developed ('block-type' and 'turntable-type') to accommodate and

facilitate the parametric variation of canyon width X, offset Dy, and angle 9.

Low y values calculated near the walls within canyons were another important

practical problem, also experienced by other CFD users (e.g. Sini, 1999). This was

overcome by increasing the reference incident flow velocity UR.

CFD evaluation and quality control were central tasks in this work. The CFD evaluation

was based on 'blind' simulations resulting from a 'best practice' strategy set out in

advance, as described in Chapter 4. Both the flow and concentration fields were

compared to wind tunnel data. Quality control strategies, as those described in Chapter

4, were used to eliminate user error as much as possible. Empty tunnel simulations of

both the flow and dispersion were carried out to check mesh definition and user errors,

as well as to evaluate differential mesh refinement effect associated with a particular

mesh design. Also, a thorough routine was employed to check the correct

implementation of a sizeable number of problem definition parameters and conditions

using a standardised checking form and by automating repetitive user tasks.
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Conclusions

8.1 Summary of main findings and conclusions

Dispersion modelling is an important part of the process of assessing and managing air

quality in cities. 'Microscale' (or 'near field') dispersion modelling is particularly

relevant since the urban population is exposed to pollutants dispersed over relatively

short distances within the poorly ventilated spaces of the urban canopy.

However, microscale urban dispersion modelling is a complex task, limited by many

simplifying assumptions and modelling uncertainties. As highlighted in the review of

urban dispersion modelling presented in Chapter 2, the current understanding of urban

microscale dispersion is dominated by 'street canyon' studies. Although such studies

have provided much useful information, their scope is limited to a narrow range of

symmetrical canyon geometries only. 'Building array' studies provide an alternative

approach, however the vast majority of such studies have explored the far and

intermediate field dispersion effects, rather than near field behaviour. As a result, the

scope of existing urban microscale modelling methods is limited to isolated,

two-dimensional 'Street canyon' parametric models, which are often used in conjunction

with simple Gaussian plume models to represent dispersion at a city-wide scale.

The aim of the research presented in this thesis was to extend existing street canyon

research, from the isolated two-dimensional case, to three-dimensional urban

intersections where street canyons meet. Only very few previous studies have explored

urban intersections, and therefore the scope and modelling approach adopted in this

work was largely original.

Urban intersections were represented by four cuboid buildings grouped together in a

variety of arrangements. These four-building groups can be considered not only as an

idealised intersection of street canyons, but also as fundamental units of repetition of

urban building arrays. Viewed from this perspective, the work presented in this thesis
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forms a bridge over the existing gap in the literature between isolated two-dimensional

street canyon studies and building array research.

A dual modelling approach was used, involving detailed wind tunnel physical modelling

and numerical CFD simulations. In contrast to previous urban intersection dispersion

studies, dispersion measurements in the wind tunnel were complemented by detailed

flow visualisation, and state-of-the-art LDA flow field measurements. Positioning the

LDA probe within a model building was an innovative approach for achieving

unobtrusive flow measurements within the canyons, and much practical experience was

gained on CFD modelling.

A new understanding of the complex flow fields associated with urban intersections

emerged from the flow measurements and flow visualisation, which led to a consistent

explanation of the dispersion behaviour observed. The flow and dispersion at an

intersection were interpreted in terms of 'vertical' canyon re-circulation patterns, and

'horizontal' patterns of flow and pollutant exchange between canyons via the central

area of the intersection. This simplifying approach provided an effective conceptual

model for describing the three-dimensional flow and dispersion behaviour associated

with an intersection. It was also shown that the horizontal exchange of flow and

pollutants between the individual canyons of an intersection is important, a fact

previously poorly understood and neglected.

A variety of flow and dispersion patterns were observed for the range of intersection

building arrangements studied, and in particular cases a marked sensitivity to small

changes was observed. Symmetrical building arrangements were found to be highly

sensitive to small changes, and instead of a unique and symmetrical (mean) flow

pattern, a number of asymmetrical flow patterns were observed. The flow either

'switched', i.e. alternated between the different possible flow patterns, with a tendency

to 'prefer' (on average) one of the possible patterns, or was stable and did not alternate,

assuming only one of the possible flow patterns ('bi-stable' behaviour).

CFD predictions were evaluated by comparison to the experimental wind tunnel results.

With the exception of the canyon width variation cases (modelled with meshes that

were the least refined of those used), the CFD flow field predictions correctly
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reproduced the salient features of both the horizontal and vertical flow patterns observed

in the wind tunnel. There were some discrepancies in the detail of certain flow features,

the most marked one being the under-prediction of the strength of the canyon

re-circulation vortex for incident wind direction at an angle (0=100). The dispersion

patterns for all cases (with the exception of the canyon width variation cases) also

reproduced the variation of concentration well, within a factor of two of the tracer

dispersion experimental values.

In the view of the overall success of the CFD simulations in predicting the salient

features of the flow and dispersion around the simple three-dimensional groups of

buildings studied in this work, the application of CFD to microscale urban dispersion

modelling appears promising. However, meaningful results can only be obtained when

CFD is used with care and on the basis of a well thought out modelling strategy. Also,

due to the important limitations and uncertainties associated with CFD modelling, even

when best practice methods are used, it can only used reliably when validated against

physical modelling experiments.

On the balance of the arguments above, CFD can prove a particularly powerful

investigative tool for microscale urban dispersion modelling, if used appropriately. It

can be used for a preliminary exploration the overall patterns of flow and dispersion

associated with a given urban geometry, which can subsequently be used to inform the

design of the physical modelling experiments. Once validated, it can be used to

complement the limited range of experimental data with detailed output throughout the

solution domain, and can be applied to expand the experimental parameter space (e.g.

by simulating the dispersion field due to a variety of source locations). CFD codes can

also assist with the interpretation of three-dimensional flow and dispersion data and the

communication of the results with the use of powerful post-processing tools, such as

three-dimensional plotting and particle flow tracing (Figure 6-25 and Figure 6-26).

The experimental and computational results of this research have many practical

applications and implications for urban dispersion modelling. The importance of the

horizontal exchange of flow and pollutants between canyons at an intersection casts

doubt on the applicability of existing isolated canyon modelling approaches, such as

ADMS-Urban (as discussed in 7.3.1). A conceptual framework for developing a
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parametric model of an urban canyon intersection was proposed in section 7.3.2. This is

based on an empirical method of 'apportioning' pollutants between the constituent

canyons (derived from volume flux experimental measurements) used in conjunction

with existing two-dimensional street canyon models.

The new understanding of horizontal exchange at intersections presented in this work

can also be usefully applied to interpreting existing information on building array

dispersion, and to improving parametric array models. The methods adopted in this

research for integrating street canyons within the larger urban array can also be usefully

applied to the complex problem of linking different dispersion modelling scales and

modelling methods.

8.2 Limitations and recommendations for future research

Studying groups of four buildings in isolation

Representing urban intersections in terms of idealised arrangements of four buildings

was a central aspect of this research and a novel concept used for integrating Street

canyon and building array research. Studying the groups of four buildings in isolation

rather than within the context of a building array was an important and useful

simplification, but may also be considered as an important limitation of this work.

The validity of extrapolating results associated with four isolated buildings to describe

flow and dispersion at real urban intersections obviously depends on the extent to which

the flow and dispersion associated with the four isolated buildings would differ if they

were situated within the context of a wider array.

Certain precautions were taken to minimise the effect surrounding buildings would have

on the flow in the central area of the modelled intersections, if the four-building

arrangements were to be placed within an array. The length of the cross-wind

y-canyons, L, was chosen several times longer than the canyon widths (by a factor of 4

to 6) to avoid interference due to canyon end-effects. Likewise, the length of the

along-wind x-canyons, L,, was also chosen several times longer than the building
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heights (by a factor of 4) to ensure that the flow separating at the upwind faces of the

buildings would reattach well before reaching the intersection and the y-canyons

downstream. It is known from previous building array studies that a fetch of a few

building rows is required for the flow to 'settle' over a building array, i.e. for it to

change only gradually with downstream distance. This was observed for arrays that had

relatively short L,, and although in this work the incident wind impinged directly onto

the four buildings, the long L used to allow the flow to reattach may have also helped

the incident flow to settle somewhat before reaching the centre of the intersection.

The influence of surrounding buildings was investigated only briefly, by adding

additional rows of buildings upstream, or to the side. Additional buildings positioned

upstream were observed to increase concentrations within the canyons, presumably by

introducing increased drag and slowing down the incident flow velocity. However there

was no evidence (from flow visualisation experiments) that the upwind buildings had

changed the form of the patterns of flow and pollutant exchange at the centre of the

intersection. Further study is required to clarify this issue. Positioning buildings on the

sides of the idealised basic arrangement (normal incidence only) during flow

visualisation experiments also did not appear to affect the form of the pattern of flow

and pollutant exchange at the centre of the intersection, though it was found that the

switching behaviour was suppressed.

Therefore, it is not possible to reach a definite conclusion on the scope of applicability

of the results presented in this thesis, on the basis of available information. It is likely

that the main horizontal and vertical flow patterns and mechanisms of flow and

pollutant exchange observed with the isolated buildings are more generally applicable,

especially for intersections with long canyon lengths L, and L, but further study is

recommended to test this hypothesis.

Modelling the dispersion field due to a single point source

Another important feature of the approach adopted in this work was the use of a single

point source (located at the upstream end of canyon AB) to study the dispersion field

associated with the various building arrangements. It may be argued that a line source of
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pollutants along the length of the canyons would have been a more realistic

representation of the actual traffic sources at an urban intersection.

However, using a point source allowed source-receptor relationships to be clearly

established. For example, the mechanisms of exchange of pollutants from canyon AB to

all the other canyons via the centre of the intersection were identified easily and without

ambiguity. By contrast, the use of line sources would have obscured this simple

underlying dispersion behaviour since it would be difficult to trace the path of pollutants

originating at different positions along the length of the source. Furthermore, the

concentration field due to a line source can be approximated by linearly superposing the

concentration fields from a multiple point sources along that line. There is much useful

scope for future intersection dispersion experiments by varying the position of the point

source along the length of the x- and y-canyons, allowing a detailed mapping of all the

possible source-receptor relationships and the simulation of a line source by integration.

Other simplifying assumptions

Neutral atmospheric conditions were assumed throughout, and thermal effects due to

differential wall heating were ignored. These effects can alter flow and dispersion

patterns very markedly, and must be taken into account when modelling dispersion in

cities under predominantly sunny conditions (e.g. Athens); neglecting thermal effects

leads to less loss of generality when applied to UK cities, where neutral, cloudy

conditions are prevalent (during about 70% of the time). Other potentially important

factors, such as vehicle induced turbulence and the detailed distribution of pollutant

emissions due to traffic queuing patterns at intersections, were also not included in order

to simplify the scope of the research.

Limitations of the experimental methods and results

There were some unforeseen practical problems encountered during the LDA wind

tunnel experimental work, which meant that flow measurements could not be taken near

the walls of the canyons. Problems due to back-reflections from the optical window

could have been avoided with the use of non-reflective optical glass. Problems due to

the focal length of the LDA probe being shorter than the model street width could in
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future be easily rectified, by selecting suitable model building dimensions or by using

different optical components in the LDA system. Nonetheless, the overall LDA

experimental strategy adopted proved particularly successful and can be confidently

used in future work.

Limitations of the CFD evaluation

The inherent limitation of the CFD evaluation presented in this thesis is that it was not

possible to prove that the simulation results were mesh independent. However,

demonstrating mesh independence of complex three-dimensional problems is very

difficult in practice, due to the very considerable additional time and computational

resources it requires. As with most other CFD studies, the aim of this work was

therefore limited to evaluating the performance of CFD using practicable 'best practice'

approaches.

Recommendations for further study

There is much scope for further research on urban intersections based on the methods

and results presented in this thesis.

The limitations of the present research highlighted in the previous sections can be

addressed by simple adaptations of the modelling strategy adopted in this thesis. The

four-building intersection can be integrated into a wider array of buildings. Point

sources can be located at other locations within the intersection to cover a more

comprehensive range of source-receptor pairs, or line sources can be used instead. The

parameter space of the four building intersection arrangements studied in this work

could also be usefully extended to include the effect of varying the height H of each of

the buildings, or of varying L, and L to investigate the effect of street length and plan

array density.

In terms of CFD modelling, a wider range of wind directions and building arrangements

can be readily modelled in future work using the methods and strategies described in

this thesis, with the added advantage of the increased computational resources that have

since become available. Given the overall success of CED in reproducing the salient
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flow and dispersion behaviour in this work, CFD can be used with confidence as a

scoping tool in future research to explore the effect of varying a wider range of building

arrangement parameters; the most interesting cases can thus be identified and modelled

in the wind tunnel. CFD can also assist in the selection of the most effective

measurement positions, as well as in structuring the interpretation of the experimental

data.

Further study is also needed to develop the parametric intersection model proposed in

this thesis. Additional flow measurements nearer the walls and above the buildings are

necessary to refine volume flux estimates for defining the apportionment of pollutant

exchange between the canyons. Wind tunnel flow and dispersion measurements along

horizontal sections at different heights, and over vertical sections at different distances

from the centre of the intersection would also be a useful extension of the range of

measurement positions adopted in this work. This additional information on the flow

field would help test important simplifying hypotheses used in the parametric model,

e.g. ascertaining the extent to which the vertical canyon re-circulation is invariable

along the length of the canyons, and the way in which the horizontal patterns vary with

height. Additional dispersion measurements are also necessary to check the validity of

using volume flux apportionment to model the pollutant mass flux between the canyons.

It is the hope of the author that the new framework of describing flow and dispersion at

urban intersections introduced in this thesis will prove a useful basis for future urban

intersection research, leading to improvements in the wider context of urban air quality

modelling and assessment.
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Appendix A	 WA turbulence measurements
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Figure A-i Offset_60: horizontal section LDA turbulence measurements, z=2Omm
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Scatter plot comparisons of experimental and CFD data
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Appendix B	 Scatter plot comparisons
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Repeated experimental measurements
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Appendix C	 Repeated measurements
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Figure C-2 Angle_lO: Comparison of overlapping horizontal and vertical section
mean velocity and turbulence measurements (arbitrary ±10% error bars shown for

reference)
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Offset_GO comparison: Section AC
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Appendix C	 Repeated measurements

Offset_GO comparison: Section AB
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Figure C-3 Offset_60: Comparison of overlapping horizontal and vertical section
mean velocily and turbulence measurements (arbitrary ±10% error bars shown as

reference)
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Angie_b comparison: Section DB
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Figure C-4 Angle_lO: Comparison of repeated horizontal section measurements
with corresponding vertical section measurements (arbitrary ±10% error bars shown

as reference)
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