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Summary 

Urban air quality is one of the most important environmental problems. Local 

authorities, institutions and scientific community are paying more attention to 

this problem. In this way European Environment Agency has carried out a 

technical report (Air pollution at street levels in European cities, 2006) analyzing 

air quality inside streets of 20 European cities. Pollutant hotspots appear inside 

the cities, especially in narrow streets and the main source is traffic emissions. 

This study aims at contributing to the understanding of air flow dynamics and 

pollutant dispersion inside urban boundary layer and at analyzing the 

performance of CFD simulations over geometries that look like a city. Chapter 2 

presents a detailed description of CFD models applied in this Thesis. The 

models are based on RANS equations with k - ε turbulence model. In chapter 3, 

2D symmetric and asymmetric street canyons are simulated and the influence 

of a building higher than the others on the features of airflow around it is found 

very large. In the chapter 4, the reduction of dust emissions in harbours by 

means of a porous windbreak is analysed. Different turbulence models are 

applied and measurements carried out in wind tunnel experiments are used. 

Finally, an optimum value of fence porosity some 0.35 has been found. In 

chapter 5, a new lagrangian particle model (SLP-2D), developed in this Thesis, 

together with its application to a reduced scale case (wind tunnel experiment) 

and two real street canyons with fairly good results. Wind flow and tracer 

dispersion over a 3D array of cubes representing a part of a city is presented in 

chapter 6 and 7. In chapter 6, the 3D features of the flow pattern are described 

in detail. In addition, validation of the model using wind tunnel measurements 



  

has been made. In chapter 7, tracer dispersion over the cubes, finding simple 

relationships between emission locations and tracer concentration, is 

presented. Finally, in chapter 8 the main conclusions of this work and future 

lines of investigations are described. 

 

 

 

 



 

 

Resumen 

La contaminación atmosférica en entornos urbanos se ha convertido en los 

últimos años en uno de los problemas medio ambientales más importantes. Por 

este motivo, tanto las autoridades como la comunidad científica han prestado 

una atención especial al estudio de la calidad de aire dentro de las ciudades. 

Un ejemplo es el informe “Air pollution at street levels in European cities” (2006) 

realizado por la Agencia Europea de Medio Ambiente (European Environment 

Agency) donde se analiza la calidad del aire en calles de 20 ciudades 

europeas. Los picos más altos de concentración aparecen dentro de las 

ciudades, especialmente en el interior de las calles estrechas, y el tráfico es la 

principal fuente de emisión de contaminantes. El principal objetivo de este 

estudio es la contribución al conocimiento de los procesos físicos (circulaciones 

de aire y dispersión de contaminantes) que se producen en el interior de las 

calles y de la capa límite urbana. Con este objetivo, se realizan simulaciones 

con modelos CFD sobre geometrías similares a la de una ciudad. Los modelos 

están basados en las ecuaciones RANS con diferentes modelos de turbulencia 

del tipo k-ε. También se hace uso de estudios experimentales realizados 

anteriormente para la validación de los resultados de los modelos. De esta 

manera, en el capítulo 3 se estudian las circulaciones de aire dentro de calles 

simétricas y asimétricas en 2D. Aquí se pone de manifiesto la influencia del 

edificio más alto sobre el flujo de aire dentro de las calles. En el capítulo 4, se 

estudian los flujos de aire sobre barrera cortavientos con distinta porosidad. De 

esta forma se analizan las barreras cortavientos como medida atenuante de las 

emisiones de polvo en zonas de acopios de material pulverulento. Se establece 



  

para la porosidad de la barrera un valor de 0.35 como el que produce un 

apantallamiento óptimo, y por tanto, una buena reducción de las emisiones de 

polvo. Además este estudio también permite contrastar distintos esquemas de 

cierre turbulento ya que se disponen de una buena base de datos 

experimentales en túnel de viento (IDR). Continuando con los escenarios en 

2D, en el capítulo 5 se presenta un nuevo modelo lagrangiano de partículas 

(SLP-2D) desarrollado en la Tesis. Para contrastar sus resultados se llevaron a 

cabo dos tipos de validación: 1) simulando la concentración de contaminantes 

en un experimento en túnel de viento (Meroney et al., 1996), y 2) simulando la 

concentración en dos calles reales. Para representar la ciudad de una manera 

más próxima a la realidad, en los capítulos 6 y 7 se simulan el flujo de viento y 

la dispersión de contaminantes sobre una matriz de cubos representando una 

ciudad. El capítulo 6 se centra en las características del patrón de flujo y su 

validación con medidas en túnel de viento, mientras que el capítulo 7 está 

enfocado en la dispersión de contaminantes buscando relaciones entre la 

posición de las emisiones y la concentración del trazador. Finalmente, en el 

capítulo 8 se describen las principales conclusiones y las líneas futuras de 

investigación. 
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Nomenclature 

AD : absolute deviation of model results from reference data . 

ap : cross-sectional area of the light duty vehicles. 

at : cross-sectional area of the trucks. 

C : factor of Cunningan. 

Cj : concentration of tracer j. 

)( ij SCC : concentration of tracer j inside the street canyon i. 

CT : total concentration. 

D : Brownian diffusion. 

dp : diameter of the particle. 

EB : collection efficiency from Brownian diffusion. 

EIM : collection efficiency form impaction. 

EIN : collection efficiency from interception. 

FB : fractional BIAS. 

g : acceleration of gravity. 

H: height of buildings. 

hb: height of windbreak. 

k: turbulent kinetic energy. 

kr : the resistance coefficient of barrier . 

K2: the pressure-jump coefficient to simulate a porous obstacle. 

L: length of the street. 

M(new) : particle mass after the deposition. 

M(old) : particle mass before the deposition. 
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NMSE : Normalised mean square error. 

NNp : number of the light duty vehicles per time unit. 

NNt, : number of the trucks per time unit. 

p: pressure. 

q : hit rate in test of Schlünzen. 

R : correlation factor. 

)( tR ∆ : vector containing autocorrelations  of fluctuation velocity (Lagrangian 

particle model). 

Ra : aerodynamic resistance of dry deposition. 

Rs : surface resistance of dry deposition. 

),(1 zxRu : peak velocity ratio. 

R1 : the correction factor representing the fraction of particles that stick the 

surface. 

RD : relative deviation of model results from reference data . 

RMS : root mean square error. 

S: sheltering effect. 

SC: Source term in the transport equation.  

Sc: Schmidt number. 

Sct: turbulent Schmidt number. 

SCi : street canyon i . 

T: environment temperature. 

TL: lagragian time. 

Td : time scale of dry deposition. 

u: X-component of velocity. 
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u*: friction velocity. 

u : average velocity. 

'u : velocity fluctuation. 

v: Y-component of velocity. 

Vd: dry deposition velocity. 

Vg : gravitational settling. 

Vp : velocity of the light duty vehicles. 

Vt, : velocity of the trucks. 

w: Z-component of velocity. 

W: width of street. 

z0: roughness. 

αk: the inverse effective Prandtl number for k. 

αε: the inverse effective Prandtl number for ε. 

ε: dissipation rate of turbulent kinetic energy. 

φ: porosity of a windbreak. 

µ : dynamic viscosity. 

µeff: viscosidad turbulenta efectiva. 

µt: turbulent viscosity. 

ν: kinematic viscosity of air. 

ρ : air density. 

ρp : density of the particle. 

σk: turbulent Prandtl number for k. 

'uσ : is the standard deviations of components 'u  
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σε: turbulent Prandtl number for ε. 

σ0 : velocity fluctuation due to traffic produced turbulence. 

< > : Variable between brackets indicates an average value over the volume of 

air inside a street canyon. 
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Resumen 

1. Introducción 

La contaminación atmosférica en las ciudades es un problema que ha ido 

aumentando en las últimas décadas. De esta manera, tanto las autoridades 

como la comunidad científica han prestado una mayor atención a la calidad de 

aire dentro de las ciudades. Un ejemplo es el informe “Air pollution at street 

levels in European cities” (2006) realizado por la Agencia Europea del Medio 

Ambiente (European Environment Agency)  donde se ha estudiado la calidad 

del aire en calles de 20 ciudades europeas. 

La principal fuente de emisión es el tráfico, y los niveles mayores de 

concentración se encuentran en las calles estrechas. La dispersión de 

contaminantes y el flujo de aire sobre geometrías simples bidimensionales ha 

sido investigado con cierta profundidad por medio de experimentos de campo, 

medidas en túneles de viento y sobre todo mediante simulaciones numéricas. 

La clasificación de los regímenes de flujo en el caso de tener calles limitadas 

por edificios de igual altura donde el viento incide perpendicularmente (calles 

en 2D) depende de la relación entre la anchura de la calle y la altura de los 

edificios (W/H) (Oke, 1988; Sini et al., 1996). El régimen conocido como 

“skimming flow” (W/H < 1) es el de mayor interés debido a que es la geometría 

más habitual en las ciudades, siendo además en el que se produce una peor 

ventilación natural y por tanto donde aparecen niveles altos de concentración 

de contaminantes. 

Los modelos de “street canyon” se pueden clasificar en dos tipos 

dependiendo de su nivel de complejidad: operacionales o paramétricos y 
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numéricos o CFD. Los modelos paramétricos resuelven analíticamente un 

conjunto simplificado de ecuaciones empíricas o semiempíricas. Los modelos 

CFD, sin embargo, resuelven numéricamente el conjunto de ecuaciones que 

describen la dinámica del flujo de aire. Este tipo de modelos son los utilizados 

en las simulaciones realizadas para esta Tesis Doctoral. 

La mayoría de los estudios realizados sobre “street canyons” se han llevado 

a cabo a través de modelos y estudios en túneles de viento. Este hecho se 

debe a la dificultad de realizar experimentos de campo. Además, respecto a los 

experimentos a escala reducida, los modelos tienen la ventaja de proporcionar 

un conjunto de resultados distribuidos por todo el dominio con una mayor 

resolución que las medidas experimentales. También es más simple cambiar 

las condiciones analizadas. Sin embargo, existe la necesidad de realizar 

experimentos tanto para investigar los procesos implicados como para poder 

validar los resultados de los modelos numéricos. 

Los modelos a microescala (modelos de street canyon) proporcionan una 

información importante para los modelos a una escala mayor (modelos de 

mesoscala). Los modelos de mesoscala a alta resolución por motivos 

computacionales no pueden resolver celdas por debajo del 1 km o de varios 

centenares de metros. Por tanto los efectos de la ciudad sobre el flujo de aire 

deben ser parametrizados. Distintas parametrizaciones se han llevado a cabo 

en los últimos años (Brown and Williams, 1998; Kusaka et al., 2001; Martilli et 

al., 2002; Coceal and Belcher, 2004, etc.). La falta de datos experimentales 

dentro de las ciudades hace necesario las simulaciones CFD dentro de la capa 
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límite urbana, para de esta manera mejorar y desarrollar parametrizaciones 

urbanas para los modelos de mesoscala. 

El objetivo principal de esta Tesis es contribuir a la comprensión de la 

dinámica del flujo atmosférico y dispersión de contaminantes dentro de las 

ciudades por medio de simulaciones numéricas en configuraciones complejas 

similares a las de una ciudad. Con el fin de contrastar los resultados numéricos, 

estas simulaciones han sido comparadas, en todos los casos donde ha sido 

posible, con datos experimentales. Para alcanzar este objetivo en el capítulo 2 

se explican las ecuaciones de los modelos RANS utilizados para el cáculo del 

flujo. En el capítulo 3 y 5 se realizan simulaciones en 2D con el fin de capturar 

las características generales del flujo y la dispersión en calles representadas de 

manera simplificada. El capítulo 3 se centra en estudiar las características del 

flujo tanto en calles simétricas y así comparar los resultados con los regímenes 

de flujo obtenido por Sini et al. (1996) como en calles asimétricas donde un 

edificio es más alto que el resto. En el capítulo 5 se analiza la dispersión de 

contaminantes, acoplando al modelo CFD un modelo de partículas lagrangiano 

(SLP-2D) desarrollado para esta Tesis. Para contrastar sus resultados se 

llevaron a cabo dos tipos de validación: 1) simulando la concentración de 

contaminantes en un experimento en túnel de viento (Meroney et al., 1996), y 

2) simulando la concentración en dos calles reales. En el capítulo 4, se 

continúan con las configuraciones en 2D, en este caso se simulan los flujos de 

aire sobre barrera cortavientos con distinta porosidad. De esta forma el objetivo 

de este capítulo es doble. Por una parte se analizan las barreras cortavientos 

como medida atenuante de las emisiones de polvo en zonas de acopios de 
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material pulverulento, estableciéndose para la porosidad de la barrera un valor  

adecuado de 0.35. Con esta porosidad la barrera produce un apantallamiento 

óptimo, y por tanto, una buena reducción de las emisiones de polvo. Por otra 

parte, este estudio también permite contrastar distintos esquemas de cierre 

turbulento ya que se disponen de una buena base de datos generada de 

experimentos en túnel de viento realizados en el IDR. Continuando con el 

objetivo principal de la Tesis, en los capítulos 6 y 7 se simulan el flujo de viento 

y la dispersión de contaminantes sobre una matriz de cubos representando una 

ciudad de manera más compleja, en tres dimensiones. De esta forma se 

representa una ciudad de una manera más próxima a la realidad, y se pueden 

distinguir las diferencias con los caso en 2D. El capítulo 6 se centra en las 

características del patrón de flujo y su validación con medidas en túnel de 

viento, mientras que el capítulo 7 está enfocado en la dispersión de 

contaminantes buscando relaciones entre la posición de las emisiones y la 

concentración del trazador. Finalmente, en el capítulo 8 se describen las 

principales conclusiones y las líneas futuras de investigación. 

 

2. Descripción de los modelos CFD 

Los modelos CFD utilizados en las simulaciones de la Tesis se basan en las 

ecuaciones de Navier-Stokes con el promedio de Reynolds (RANS). Los 

modelos de turbulencia utilizados son del tipo k-ε. Existen otros tipos de 

modelos más complejos como son las simulaciones numéricas directas (DNS) 

o “large eddy simulation” (LES). DNS resuelve las ecuaciones de Navier-Stokes 

sin ningún tipo de aproximación o simplificaciones pero su carga computacional 
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hace que en la mayoría de las aplicaciones a entornos urbanos a escala real 

sea inviable su uso. LES hace un filtrado espacial de las ecuaciones de Navier-

Stokes, el tiempo computacional empleado es menor que DNS pero aún sigue 

siendo muy alto en la mayoría de las situaciones. Simulaciones con 

metodología DNS o LES proporcionarían resultados más precisos que las 

simulaciones RANS, pero haciendo un balance entre precisión y tiempo 

computacional, las simulaciones RANS proporcionan buenos resultados con un 

coste computacional asumible en aplicaciones medio ambientales. Además la 

variabilidad que tenemos en la atmósfera real provoca una incertidumbre a la 

hora de establecer las condiciones iniciales y de contorno en las simulaciones, 

y en muchos casos estas incertidumbres podrían ser del orden de las 

diferencias entre simulaciones RANS y otras simulaciones más complejas 

como DND o LES. 

 

3. Simulación 2D del flujo de aire en “street canyons” simétricos y asimétricos 

En primer lugar, se simula el flujo de aire dentro de varias secuencias de 

calles en dos dimensiones. Estas secuencias están formadas por cinco calles y 

se estudian tres relaciones de aspecto diferentes (W/H = 1, 0.5 y 0.25). Para 

analizar la influencia de un edificio más alto que los demás se simulan 3 tipos 

de secuencias. La primera es una secuencia simétrica donde la altura de todos 

los edificios es la misma, y la segunda y la tercera son secuencias asimétricas 

donde en la calle central la altura de un edificio es cambiada formando un 

escalón hacia arriba y un escalón hacia abajo respectivamente (Santiago and 

Martin, 2004; Santiago and Martin, 2005a). 



 xiv 

Los regímenes de flujo obtenidos en los casos simétricos están de acuerdo 

con la clasificación realizada por Sini et al. (1996). Se obtiene un régimen 

“skimming flow” con un solo vórtice para W/H = 1 y regímenes multivórtice para 

W/H = 0.5 y 0.25. 

La influencia de un edificio más alto que el resto sobre las características 

del flujo de aire para todas las relaciones de aspecto (W/H) estudiadas es muy 

grande. Tanto en los cañones donde los edificios forman un escalón hacia 

arriba como en los que forman un escalón hacia abajo los patrones de viento 

cambian radicalmente respecto a los respectivos casos simétricos (ver Fig. 1-3 

para W/H = 1). Además, como era de esperar, el edificio más alto produce una 

energía cinética turbulenta mucho mayor a su alrededor comparándolo con los 

casos simétricos.  

La sola presencia de un edificio más alto que los demás provoca un cambio 

radical en los patrones de flujos, afectándolo incluso en las proximidades del 

suelo. Por este motivo es importante tener en cuenta la diferencia de altura en 

los edificios a la hora de analizar la dispersión de contaminante, ya que los 

patrones de concentración cambiarían radicalmente. Se debe tener cuidado 

con esto sobre todo cuando se utilizan modelos paramétricos donde el flujo de 

aire no se resuelve directamente por las ecuaciones de la dinámica de fluidos. 
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Fig. 1. Mapa de vectores para la secuencia simétrica con W/H = 1. 

 

 

 

Fig. 2. Mapa de vectores para la secuencia asimétrica formando en el cañón central 

un escalón hacia arriba con W/H = 1. 
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Fig. 3. Mapa de vectores para la secuencia asimétrica formando en el cañón central 

un escalón hacia abajo con W/H = 1. 

 

4. Simulación en 2D y estudio experimental del flujo de aire detrás de una 

barrera cortaviento. 

Este capítulo se centra en las barreras cortavientos como medida atenuante 

de las emisiones de polvo en zonas de acopios de material pulverulento, tales 

como depósitos de arcillas, minerales, harinas, clinker, que son habituales en 

zonas industriales y portuarias, muy próximos a entornos urbanos. Este estudio 

también permite contrastar distintos esquemas o modelos de cierre turbulentos 

ya que se posee una detalla base de datos perteneciente a experimentos 

realizados en el túnel aerodinámico del IDR/UPM, E.T.S.I. Aeronáuticos, 

Universidad Politécnica de Madrid (Meseguer et al., 2002). Además, es un 

problema interesante de abordar en esta Tesis ya que se encuentra dentro de 

su misma escala (micro-escala). El objetivo principal de una barrera cortaviento 

es crear un efecto de apantallamiento detrás de sí misma reduciendo la 
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velocidad del viento en una zona lo más amplia posible. La parte principal del 

estudio consiste en investigar el flujo de aire alrededor de una barrera 

cortaviento aislada. Distintas barreras con porosidades que cubren un rango 

desde 0 (sólida) hasta 0.5 han sido analizadas mediante la realización de 

experimentos en túneles de viento y simulaciones numéricas. Se ha 

considerado una rugosidad (z0) próxima a cero tanto en los experimentos como 

en las simulaciones ya que consideran barreras situadas en un puerto, y el mar 

tiene una rugosidad baja (Santiago et al., 2005; Santiago et al., 2006d). 

Se han evaluado los resultados de simulaciones RANS (ecuaciones 

Reynolds Averaged Navier-Stokes) con tres modelos de cierre de turbulencia 

distintos (Standard k-ε, RNG k-ε  y Realizable k-ε) aplicados con idénticos 

métodos numéricos (malla, dominio, etc.) por medio de la comparación con los 

datos experimentales obtenidos en el túnel de viento de IDR/UPM, E.T.S.I. 

Aeronáuticos, Universidad Politécnica de Madrid. Además como test previo de 

los modelos k-ε utilizados, se ha simulado el experimento realizado por Bradley 

y Mulhearn (1983) para comparar los resultados numéricos con los datos 

experimentales (Fig. 4). 

El principal objetivo es analizar el efecto de protección creado por la barrera 

de tal manera que se pueda establecer un valor de porosidad para un 

apantallamiento óptimo, y por tanto, una buena reducción de emisiones de 

polvo en entornos portuarios. En este estudio se pretendió unir toda la 

información sobre el efecto de protección generado por la barrera en un solo 

parámetro, la relación de velocidades de pico ( ),(1 zxRu ), que se define como: 
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donde U(x,y) y σ(x,z) son la velocidad media y su desviación standard 

respectivamente, mientras que Uref y σref son las variables de referencia 

tomadas a una altura de z/hb= 6.67 antes de llegar a la barrera. Este parámetro 

compara velocidad media y turbulencia del aire perturbado por la barrera con 

los valores del viento sin perturbar a la altura de referencia. 

 

 

 

Fig. 4. Comparación del perfil vertical de la velocidad normalizada (u/u04) a x/hb = 

4.2 y perfil incidente en el caso “Bradley y Mulhearn (1983)”. 
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Fig. 5. Relación de velocidades de pico ( ),(1 zxRu ) a distintas alturas detrás de la 

barrera con porosidad φ=0.35 calculada para las medidas experimentales y los 

resultados numéricos (standard k-ε , RNG k-ε   y realizable k-ε). φ es la porosidad, hb 

la altura de la barrera y x  y z son la distancia en dirección horizontal a la barrera y 

la vertical al suelo, respectivamente. 
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Se ha encontrado un valor óptimo para la porosidad igual a φ = 0.35 

(Fig.5). Una barrera con esta porosidad proporciona un efecto de protección 

adecuado a distancias lejanas, y a distancias cortas e intermedias el efecto 

es comparable al que proporcionan barreras de inferior porosidad. Además, 

se puede concluir que la rugosidad del terreno no va a influir de forma 

excesiva en este tipo de problemas, ya que por ejemplo Park y Lee (2002) 

para terrenos con una mayor rugosidad recomienda para la barrera valores 

similares de porosidad. 

Respecto a la capacidad de los modelos de turbulencia estudiados para 

reproducir los medidas experimentales se concluye que es el modelo 

Realizable k-ε el que ofrece una mayor coincidencia con los datos 

experimentales, aunque no se perciben grandes diferencias con los otros 

dos especialmente con el RNG. 

 

5. Simulación en 2D de la dispersión de contaminantes dentro de calles usando 

un nuevo modelo lagrangiano de partículas, SLP-2D. 

En este estudio se pretende desarrollar y evaluar el funcionamiento del 

modelo lagrangiano de partículas en dos dimensiones SLP-2D. Para alcanzar 

este objetivo se llevaron a cabo dos tipos de validación simulando un caso a 

escala reducida (experimento en túnel de viento, Meroney et al., 1996) y dos 

casos en calles reales (Hornsgatan street de Estocolmo y Frankfurter Alee de 

Berlín). En el caso del  experimento en túnel de viento se puede observar el 

comportamiento del modelo en situaciones menos complejas con condiciones 
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más controladas. Sin embargo, las simulaciones en calles reales son 

necesarios para verificar los módulos de turbulencia generada por el tráfico y 

depósito seco (Santiago and Martin, 2005b; Santiago and Martin, 2006). 

El SLP-2D (“street lagrangian particles) es un modelo de partículas 

lagrangiano en dos dimensiones desarrollado como parte de esta Tesis. Se 

simula la concentración de contaminante mediante un gran número de 

partículas que son liberadas dentro del flujo atmosférico. Estas partículas 

parten desde la localización de las fuentes y a cada una se le asigna una masa 

dependiendo de la tasa de emisión de cada fuente. Cuando se estudian las 

concentraciones de contaminantes  dentro las calles,  son las emisiones del 

tráfico las que se utilizan para asignar a cada partícula su masa 

correspondiente. Las partículas se desplazan en cada paso de tiempo por una 

componente determinista obtenida del campo de viento, a la que se le añade 

otra estocástica relacionada con la intensidad de la turbulencia. En los casos 

reales se realiza un tratamiento del depósito seco y de la turbulencia generada 

por el tráfico SLP-2D necesita como datos de entrada la geometría del cañón, 

las emisiones, los datos del tráfico y las características del flujo de aire 

(velocidades y energía cinética turbulenta). Los datos sobre las características 

del viento son proporcionados por simulaciones CFD, en este caso 

simulaciones RANS con RNG k-ε como modelo de turbulencia. 

En el caso de la comparación con las medidas de túnel de viento, los 

resultados son satisfactorios como se puede ver en la Fig. 6. 
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Fig. 6. Comparación entre las medidas en túnel de viento y los resultados del SLP-2D 

en diversos puntos. 

 

Fig. 7. Concentración horaria promedio de PM2.5 a nivel de la calle en Hornsgatan 

street (Estocolmo) para el día 27/11/2000 comparada con la concentración observada. 
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Fig. 8. Igual que Fig. 7 pero para PM10 en Frankfurter Allee (Berlin) (día: 3/7/2002). 

 

Fig. 9. Igual que Fig. 7 pero para CO en Frankfurter Allee (Berlin) (día: 3/7/2002). 
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Respecto a las simulaciones sobre calles reales, en Hornsgatan street (calle 

de Estocolmo) se ha simulado la concentración de partículas PM2.5 mientras 

que en Frankfurter Alee (calle de Berlín) se ha simulado CO y PM10 (Fig. 7-9). 

En conjunto los resultados del modelo SLP-2D están muy próximos a las 

medidas experimentales, especialmente en el caso del túnel de viento donde 

las condiciones son más controladas y por tanto las simulaciones pueden ser 

más precisas. Respecto a los casos reales de Estocolmo y Berlín, los 

resultados muestran la dificultad del uso de datos de entrada reales y la 

incertidumbre que ellos introducen. A pesar de esto, el acuerdo entre medidas 

y simulaciones es bueno salvo en casos concretos. El caso de peor ajuste se 

produce para la concentración de PM10 donde los valores experimentales son 

claramente subestimados. Sin embargo, para este caso esta misma tendencia 

se observa en todos los modelos que participaron en el ejercicio de 

intercomparación propuesto por el proyecto SEC. La razón de estos resultados 

probablemente esté relacionada con un error en los datos de emisiones de 

PM10. (Ver URL1 de la bibliografía, web perteneciente al proyecto SEC). En 

general, los datos de emisiones influyen en gran medida en los resultados de 

los modelos de dispersión, por este motivo sería necesario un buen inventario 

de emisiones o en su defecto conocer mejor la incertidumbre en los datos de 

las emisiones para una mejor evaluación de los modelos al compararlos con 

calles reales. 
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6. Simulación 3D del flujo de aire sobre una matriz regular de cubos y la 

validación con medidas en túnel de viento. 

En este caso se estudia el flujo de aire sobre una matriz regular de cubos 

(Fig. 10) que representa de forma simplificada una parte de una ciudad. 

 

Fig. 10. Configuración geométrica y localización de las medidas en túnel aerodinámico 

(plano Y/H = 0). 
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Para la simulación se emplea la metodología RANS con el modelo de 

turbulencia k-ε y se comparan los resultados con datos de túnel de viento 

(Brown et al., 2001). El experimento en túnel de viento fue realizado en U.S. 

Environmental Protection Agency’s Fluid Modelling Facility por Brown et al. 

(2001). En la comparación con los datos experimentales, el ajuste parece 

adecuado (ver como ejemplo Fig. 11). La concordancia entre las velocidades 

en horizontales es excelente. Algo peor es para la velocidad vertical y la 

energía cinética turbulenta, aunque se puede considerar como bueno (Santiago 

et al., 2006a; Santiago et al., 2006c). Por ejemplo en la Fig. 11 se muestra la 

comparación entre medidas y resultados de la simulación en el centro del 

cuarto cañón (posición M, ver Fig. 10).  

Pero quizá la parte más importante de este estudio es la descripción 

detallada del flujo de aire alrededor de los cubos. Estos datos proporcionan 

información de los flujos atmosféricos dentro de la capa límite urbana, que 

puede ser utilizada en el desarrollo de parametrizaciones urbanas para 

modelos de mesoscala a alta resolución. Los efectos tridimensionales en el 

flujo de aire son considerables en relación con el flujo en geometrías 2D. Por 

ejemplo, en la Fig. 12 se observa como el centro del vórtice que aparece en el 

plano vertical Y/H = 0 está desplazado hacia sotavento y hacia arriba (3/4 de la 

altura del cubo) respecto al caso en 2D. 

 

 

 

 



 

 xxvii 

 

 

 

Fig. 11. Comparación de los resultados numéricos con las medidas experimentales en 

la posición M (ver Fig. 10). 

 

 



 xxviii 

 

 

Fig. 12. Mapa de vectores en el plano Y/H = 0. 

 

Una breve descripción del patrón de flujo es la siguiente. Parte del flujo 

entra dentro del cañón por la parte superior de la pared de barlovento. Se 

produce un fuerte movimiento del flujo hacia abajo en esta pared, entrando 

también aire dentro del cañón por los laterales. Cuando el aire llega a las 

proximidades del suelo diverge, y por continuidad el flujo de aire sale por los 

laterales en dirección hacia la pared de sotavento. En las Fig. 13 y 14 se 

muestran los mapas de vectores y los contornos de velocidad vertical y energía 

cinética turbulenta en planos horizontales en Z/H = 0.5 y 0.25 dentro del cuarto 

cañón, siendo H la altura de los cubos. El análisis se centra en el cuarto cañón 
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ya que a partir de aquí se puede considerar que el flujo se ha ajustado a la 

matriz de edificios, es decir no está influenciado por los bordes de la matriz. 

 

 

 

Fig. 13. Mapa de vectores y contornos de velocidad vertical (w) y energía cinética 

turbulenta (k) dentro del cuarto cañón en el plano Z/H = 0.5. 
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Fig. 14. Igual que la Fig. 13 pero para Z/H = 0.25. 

 

7. Simulación en 3D de la dispersión de contaminantes sobre un matriz regular 

de cubos. 

En esta parte de la Tesis se ha investigado la dispersión de contaminantes 

sobre la misma configuración de cubos representando edificios y calles 

considerada anteriormente. La dispersión de contaminantes se simuló 

mediante trazadores calculando su concentración por medio de ecuaciones de 

transporte resueltas numéricamente. Los trazadores se emitieron de manera 
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continua a nivel del suelo desde las distintas unidades en que puede ser 

dividida la matriz de edificios. Cada unidad engloba un cañón y un cubo. Se 

emitió un trazador distinto en cada unidad (ver Fig. 15). 

 

Fig. 15. Esquema de la localización de las emisiones y definición de unidad (“cube 

canyon unit”) y de “street canyon”. 

 

De esta manera este estudio puede representar la dispersión de 

contaminantes emitidos por el tráfico dentro de una ciudad o un barrio. Aquí se 

pretende encontrar relaciones entre la localización de las emisiones y su 

contribución a las concentraciones en los distintos cañones (Santiago et al., 

2006b). 
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Los máximos de concentración total (suma de todos los trazadores) se 

encuentran en la parte inferior de la calle y fuera del cañón, como era de 

esperar observando las circulaciones de aire (Fig. 16). 

 

Fig. 16. Concentración total en los planos verticales Z/H = 1, 0.75, 0.5 y 0.25. 
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Fig. 17. Concentración media debida a la emisión individual de una unidad dentro del 

cuarto “street canyon” normalizada por la concentración media inducida por las 

emisiones de la cuarta unidad  (
)(
)(

44
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). También está representada la función 

de ajuste (
AX

B
+

). 

 

Pero el resultado más importante alcanzado con estas simulaciones es la 

relación obtenida entre las concentraciones promedio dentro de un “street 

canyon” y la procedencia del trazador. Se ha investigado la relación entre  la 

concentración promedio dentro de un cañón (i) debido a las emisiones de la 

unidad i y las concentraciones debidas a emisiones en las unidades anteriores 

(i-1, i-2,…). Por ejemplo en la Fig. 17 se muestran los resultados para el cuarto 

cañón. 
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 es relacionado con la procedencia del trazador. De esta 
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forma se obtiene que 
)1()(

)(
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+−+
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jiA
B

SCC
SCCi . Quizás no es tan importante 

la forma exacta de esta expresión como el hecho de que existan estas 

relaciones simples a pesar de estar ante una configuración compleja (3D). 

 

8. Conclusiones y líneas futuras de investigación 

Las principales conclusiones se pueden resumir en los siguientes puntos: 

• En conjunto las simulaciones con modelos RANS usando modelos de cierre 

turbulentos del tipo k-ε aplicadas a diferentes configuraciones bi- y 

tridimensionales de calles proporcionan resultados que están de acuerdo 

con los datos experimentales. A la vista de estos resultados la metodología 

RANS, mucho menos costosa computacionalmente que LES o DNS, se 

podría aplicar a estos tipos de problemas medio ambientales. 

• En configuraciones 2D, por una parte la comparación de los casos 

simétricos con la clasificación de regímenes de flujo descrita por Sini et al. 

(1996) sirve para contrastar la validez de los resultados numéricos. Por otra 

parte, en las simulaciones de configuraciones asimétricas, la presencia de 

un único edificio más alto que el resto produce un notable efecto sobre las 

características de las circulaciones de aire dentro de las calles. 

• En el estudio de las barreras cortavientos como medida atenuante de las 

emisiones dentro de los puertos, tanto las medidas experimentales como las 

simulaciones numéricas indican un valor de 0.35 como la porosidad óptima 

para la barrera porosa. Además se ha observado como los modelos k-ε  

funcionan de adecuadamente al aplicarlos al estudio de los flujos tras una 
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barrera cortavientos, siendo el que mejores resultados proporciona el 

modelo Realizable. Por lo tanto, al simularse de manera correcta obstáculos 

porosos, como en este caso las barreras, se concluye que este tipo de 

simulaciones puede ser aplicada para estudiar el efecto de los árboles 

(obstáculos porosos) sobre el viento dentro de las calles. 

• Se ha desarrollado un modelo de partículas lagrangiano (SLP-2D) que a 

partir de campos de viento (proporcionados por simulaciones CFD), 

geometría de la calle, emisiones y datos de tráfico calcula la concentración 

de contaminantes dentro calles. El modelo tiene en cuenta la turbulencia 

producida por el tráfico, así como, el depósito seco. Sus resultados se 

evaluaron positivamente después de compararlos con un experimento en 

túnel aerodinámico y con dos en calles reales. 

• Se ha simulado el flujo de aire y la dispersión sobre una parte de una ciudad 

representada por una geometría simplificada (cubos distribuidos 

uniformemente distribuidos). Se ha puesto de manifiesto el carácter 

tridimensional del flujo realizándose un análisis exhaustivo del mismo. 

Respecto a la dispersión de contaminantes, se ha estudiado su distribución 

a partir de la emisión de trazadores de forma continua (simulación 

estacionaria) a nivel del suelo simulando emisiones de tráfico. Se ha 

encontrado una relación simple entre la concentración media en un cañón y 

la localización de las emisiones. Con esta relación se puede conocer la 

contribución sobre la concentración media en un cañón seleccionado debida 

a emisiones en otras unidades y establecer la distancia entre emisión y el 

cañón seleccionado hasta la cual ésta contribución es significativa. 
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Estos estudios pueden abrir futuras líneas de investigación entre las que 

destacan: 

• Desarrollo de parametrizaciones urbanas para modelos de mesoscala 

de alta resolución. Para este tipo de modelos existe la necesidad 

parametrizar los efectos de las ciudades debido a que no pueden 

resolver las interacciones entre el flujo y cada edificio. De esta forma, los 

resultados mostrados en el capítulo 6, y otros obtenidos en futuras 

simulaciones donde se cambiarían la geometría de la ciudad, 

proporcionarían información para estudiar parámetros importantes para 

estos modelos de mesoscala como pueden ser el coeficiente de arrastre 

(“drag”) y el “dispersive” stress (Martilli et al., 2006; Martilli and Santiago, 

2006). 

• La relación simple encontrada entre la concentración media en un cañón 

y la localización de las emisiones para la matriz regular de cubos nos 

hace pensar que se podrían encontrar relaciones similares para otras 

configuraciones. De esta manera, estas relaciones simples se podrían 

utilizar de manera rápida para calcular por ejemplo cuanto afectaría a la 

concentración de contaminantes en un punto de la ciudad el reducir el 

tráfico en una calle, o cual es el área potencial de impacto de una 

emisión accidental o intencionada. 

Otro tema interesante a estudiar en futuras investigaciones son los efectos 

térmicos que se producen dentro de la calle a consecuencia del calentamiento 

de las paredes. 
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Otra futura línea de investigación sería el análisis de la interacción del flujo 

atmosférico con obstáculos urbanos como son los árboles. En muchas calles 

existen hileras de árboles en ambas aceras, que podrían influir tanto en las 

circulaciones atmosféricas como en la dispersión de contaminantes dentro de 

las calles. En el caso de las simulaciones numéricas, los árboles podrían ser 

simulados como objetos porosos, similar a lo realizado con las barreras 

cortaviento. 

En general, en estudios futuros se deberían simular distintas 

configuraciones de ciudades para buscar cuál es la geometría más simple que 

representa a una ciudad real. 
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CHAPTER 1  
 

INTRODUCTION 

 

 

1.1. Description of the problem 

Nowadays, urban air pollution is considered one of the most important 

problems in many cities. Hence, the number of urban air quality studies has 

increased in recent years, particularly investigations of the so-called street 

canyon. A street canyon is a relatively narrow street bounded by buildings that 

line up continuously along both sides. It constitutes one group of basic urban-

canopy elements (Oke, 1988). One of the most important street canyon features 

is reduced natural ventilation. A low exchange of air between the urban canyon 

and above roof air occurs.  This is due to the formation of one or more vortices 

inside canyons. Atmospheric pollutant dispersion is determined by the wind flow 

around urban geometry. Highest value of pollutant concentration is usually 

located at leeward wall in simple situations (the emission source is the traffic 

and there is one vortex inside the street canyon (see Fig. 1.1)). 

However, in real cases interaction between the atmospheric flow and 

obstacles such as vehicles, trees or buildings with different shapes, sizes and 

arrangements, produces airflow patterns with complex structures 

(reattachments, recirculation zones, strong gradients of velocity) inside the 

canopy. The case of vehicles is a special case, they move within the canopy 
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producing an extra turbulence inside street canyons (Gidhagen et al., 2004). 

Therefore, modelling in detail air flow and pollutant dispersion inside urban 

canopy is very difficult. 

 

Fig. 1.1. An example of street canyon (Berkowicz, 1998). 

 

Motor vehicles are considered the main pollutant sources in urban areas. 

Pollutants such as CO, NOx, hydrocarbons and particles are emitted by traffic. 

In addition, they contribute to the formation of secondary pollutants as ozone 

through photochemical reactions. Furthermore, many of these substances are 

very harmful to human health (Vardoulakis, 2003). The highest pollution levels 

occur in street canyons due to traffic emissions and the reduced natural 

ventilation inside them. Moreover, many people (pedestrians, drivers, bicyclists, 

etc.) live in cities and they spend a lot of time during  the day inside urban street 
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canyons, then their exposure to atmospheric pollutants has a direct impact on 

their health.Therefore, the improvement of air quality is imperative. Hence, 

investigations on street canyons to get more insight about the processes and 

features of flow and pollutant dispersion are necessary. In addition, these 

studies can provide important information to improve urban planning, obtaining 

configurations of buildings with better ventilation and thus, better pollutant 

dispersion. Different types of investigation are being carried out by means of 

wind tunnel experiments, numerical simulations and field measurements. In the 

section 1.3 and 1.4, details about the state of art concerning street canyon 

experiments and modelling will be described. 

A recent technical report carried out by European Environment Agency (Air 

pollution at street levels in European cities, 2006) shows the importance to 

consider air pollution at street scale. The air quality limit values for NO2, NOx, 

PM10 where objective is to protect public health, are frequently exceeded in 

urban hotspot as street canyons. Therefore, there is an imperative need to 

improve air quality in density populated cities. In this report, air pollution levels 

at traffic hotspots areas in 20 European cities are analysed comparing with 

urban background. The pollutants investigated are NO2, NOx, PM10 and PM2.5. 

They study current situation (year 2000) and potential emission scenarios at 

2030 using Current Legislation Emissions (CLE) and Maximum Feasible 

Reductions (MFR). Three different types of street canyons (wide, square and 

narrow) are studied inside each cities. The used methodology was developed in 

Street Emission Ceiling project (SEC). This project was funded by the European 

Environmental Agency within the work programme of the European Topic 
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Centre on Air and Climate Change (ETC/AAC) in 2003. The main objective of 

the SEC project is to analyse the street level pollution and develop a system of 

model for the assessment of air quality. The sequence of models 

EMEP/OFIS/OSPM was successful applied in this report. The EMEP model was 

used for regional scale, OFIS for urban scale and OSPM for street scale. For 

the narrow canyons, almost all cities in the year 2000 had a higher value of 

exceedance days than the limit value for PM10 (according to the 2005 limit 

value, daily average of 50 µg m-3 not be exceed more than 35 days a year). 

Also the permitted value is exceeded in 14 cities in the square canyon case and 

in half of the cities in the wide canyon case. For 2030 scenarios the reduction in 

the number of exceedance is considerable. Although, nine cities in CLE 

scenarios and two in MFR still exceed the allowed number of exceedances for 

PM10 according to 2010 limit value (daily average of 50 µg m-3 not be exceed 

more than 7 days a year). The street increments (street scale concentration 

minus urban background concentration) can be large in narrow streets and they 

are principally due to urban emission (traffic). A decrease of these emissions is 

needed to reduce pollutant exceedances. It is difficult to model air quality at 

street level because the specific street characteristic such as the street 

geometry and orientation, number, type and speed of vehicles that run across 

the street, etc. have to be known in order to determine reliable simulations. 

In conclusion, as shown through this section, the importace and need of 

researching the processes explaining the flow and dispersion of pollutant inside 

streets is evident. 
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1.2. Characteristics of street canyons 

This section is focused on describing the basic features of air flow and 

dispersion inside street canyons and a summary with the main studies is carried 

out. Considering steady state and temporal average conditions, the most 

significative feature of the wind flow inside the streets is the formation of one or 

more vortices depending on the geometry of buildings and dimension of the 

street. The wind flow regimes for perpendicular flow to urban street canyons 

(2D street canyons) in the case of building with same height is well known (Oke, 

1988; Sini et al., 1996; Baik and Kim, 1999) and the aspect ratio has been 

determined to be a fundamental parameter determining flow regime inside 

canyons. Aspect ratio (W/H) is defined as the ratio between the width of street 

and the height of the buildings. Depending on the aspect ratio, four principal 

regimes exist: 

1) Fully independent wake flow (W/H > 50). Buildings are isolated 

obstacles. This regime is not important for this study due to this regime 

does usually not occur in the cities. 

2) Isolated roughness flow for wide canyons (W/H > 8, Sini et al., 1996). 

Buildings are almost isolated obstacles. 

3) Wake interference flow for closer buildings (8 < W/H < 1.5, Sini et al., 

1996). The wake created by the upwind building is disturbed by the 

downwind one.  One or two vortices can appear. 

4) Skimming flow for narrow streets (W/H < 1.5, Sini et al., 1996). A stable 

single vortex is created inside the canyon. A low exchange is produced 

between street flow and ambient flow. Another regime can be included in 
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this classification within skimming flow: multi-vortex regime. When 

canyons are deeper (W/H < 0.6, Sini et al., 1996) the principal vortex 

moves to the upper zone of the canyon and two or three counter-rotating 

vortices appear. Three vortices appear when W/H < 0.3 (Jeong and 

Andrews, 2002). An important feature of this stacked multi-vortex regime 

is that the rotation velocity of the upper vortex is very large compared to 

the lower vortices and the natural ventilation is largely reduced. The 

sheltering effect (S), defined as the ratio between wind speed at 

pedestrian level and wind speed at roof level, is much lower in multi-

vortex regimes. S is 10-2 – 100 for one vortex, 10-4 – 10-2 for two vortices 

and 10-6 – 10-4 for three vortices (Jeong and Andrews, 2002). This 

regime is very important due to the most of streets have this aspect ratio 

(W/H < 1.5). 

Other scientists gave different aspect ratios intervals for each flow regime. 

For instance, Oke (1988) classifies: isolated roughness flow for canyons with 

aspect ratio W/H > 2.5; wake interference flow for canyons with 1.5 < W/H < 2.5 

and skimming flow for canyons with W/H < 1.5. Table 1.1 shows the 

classification of flow regimes above explained and they are depicted in Fig. 1.2. 

To make a preliminary verification of the capability of the CFD software used 

in this Thesis, several simulations over 2D street canyons with different aspect 

ratios (W/H = 1, 4 and 8) were carried out. The obtained flow regimes are 

shown in Fig. 1.3 and follow closely the classification made by Sini et al. (1996). 
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1 
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vortex 

1  

main 

vortex 

2  

co-rotative 

vortices 

2  

co-rotative  

vortices 

2  

co-rotative 

vortices 

 

 W/H <  0.6 

0.6 < 

W/H 

< 1.5 

1.5 < 

W/H 

< 5 

 

5  < W/H < 8-9 

 

8-9 < W/H < 50 

 

W/H > 50 

 

Table 1.1. Classification of flow regimes inside a 2D street canyon limited by buildings 

with the same height (Sini et al., 1996). 

 

 

 

Fig. 1.2. Flow regimes in 2D street canyon for perpendicular flow (Oke, 1988). 
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Fig. 1.3. Flow regimes in 2D street canyons obtained by CFD simulations. 

 

In the case of 3D configurations, there exists other important parameter 

(L/H) where L is the length of the street (distance between intersections along 

the street). Sini et al. (1996) shows the changes of flow regimes due to L/H. The 

limits between one regime and other one increase when L/H increases up to 

reach an asymptotic value. For example the limit between skimming flow and 

wake interference flow is independent of L/H from L/H > 2.  For low values of 

L/H, three dimensional effects appear in the flow. In this Thesis, the flow and 

dispersion over a configuration of this type is studied in the chapters 6 and 7. 

Vardoulakis et al. (2003) classifies canyons in three types depending on L: 

1) Large (L/H ≈ 7). 

2) Medium (L/H ≈ 5). 
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3) Short (L/H ≈ 3). 

Concerning pollutant dispersion, concentrations patterns can be explained 

by means of wind flow patterns. The most interesting flow regime is skimming 

flow due to its reduced natural ventilation can produce high concentrations at 

street levels. In the case of one vortex, highest levels of pollution are found in 

the leeward side of the canyon. Air downward motion at the windward wall of 

canyons is more intense than upward motion at leeward wall. Traffic is 

considered the most important pollutant source and it is located at ground level. 

The clean air enters into the street canyon at windward zone, and the air 

circulation advects pollutant released at ground towards the leeward zone. Part 

of pollutant escapes from the canyon at roof level. This fact has been found by 

simulations studies (Baik and Kim, 1999; T.L.Chan et al., 2002 or Huang et al., 

2000), wind tunnel experiments such as Kastner-Klein and Plate (1999) and 

field measurements (Berkowicz, 1998). In the case of multi-vortex skimming 

flow regime, concentration patterns at the top of the canyon are similar to that 

corresponding to one main vortex regime. However at the bottom of street they 

are very different due to the formation of the contra-rotative vortices. In addition, 

the exchange of pollutants between inside and outside of the street canyon is 

much lower. 

In conclusion, the main influence factors in the air flow circulations and 

pollutant dispersion inside street canyons are the following: 

1) Street geometry. Main features in basic configurations have been 

described above. The analysis of flow and dispersion in more complex 
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configurations (2D and 3D geometries) has been carried out in this 

Thesis. 

2) Meteorological conditions. Wind speed and direction of wind, 

atmospheric stability, etc. These factors have been taken into account in 

the studies made, especially in chapter 5 where simulations in real street 

canyons were carried out. 

3) Traffic. It is considered the most important pollutant source. In addition, it 

can produce extra turbulence inside street canyon. In the studies of 

pollutant dispersion inside street canyons (chapter 5 and 7), traffic was 

considered the pollutant source and an extra source of turbulence 

(chapter 5). 

4) Difference of temperature inside street. It has some influence when the 

difference of temperature between walls of the street is relatively high. In 

these cases, the convection component should be added to the 

mechanical motion. 

 

 

1.3. Street canyon models 

Most of the investigations on air flow and dispersion inside street canyon 

have been carried out by means of models. Depending on the level of 

complexity of the models (the type of equations solved), models can be divided 

into two categories: parametric or operational models and numerical or CFD 

models. Models results depend on the quality of the built-in algorithms 

representative of the air flow and pollutant dispersion processes but, the quality 
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of input data such as geometry, wind profiles, etc, also have a large influence 

on the results. In addition, more complex model is, more input data are needed. 

In general, CFD models require more input data than parametric ones. 

Moreover, amongst parametric model more detailed input data are needed 

depending on the model and the required accuracy in the results. 

 

1.3.1. Parametric models 

Parametric models use a simplified set of parametric equations solved 

analytically to calculate pollutant concentration. They are based on empirical or 

semi-empirical expressions, and hence they have some restrictions in their 

application. On the other hand, computational load is usually very low obtaining 

fairly good results in some real cases. For example the Danish Operational 

Street Pollution Model (OSPM) (Berkowicz, 1998) reproduced quite well 

pollutant concentration in a Danish street (Jatveg). It is used in air quality 

studies such as in the technical report carried out by the European Environment 

Agency concerning air pollution at street levels in European cities (EEA, 2006). 

However, their results are not so detailed as those obtained by CFD models.  

OSPM (Berkowicz, 1998; Berkowicz, 2000) has been developed by National 

Environment Research Institute (NERI). It calculates concentrations of exhaust 

gases using a combination of a plume model for the direct contribution and a 

box model for the recirculating part of the pollutant in the street. Flow inside 

street canyon is parameterised depending on street canyon configuration and 

meteorological conditions. In addition, traffic generated turbulence and NO2 

chemistry is considered.  NO2 concentrations are computed taking into account 
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the residence time of pollutants in the street and NO - NO2 – O3 chemistry. The 

required input data are hourly values of traffic data, emissions factor, 

meteorology data (wind speed, wind direction, temperature and global radiation) 

and background pollution. In addition, street configuration has to be described. 

Other parametric models are: CALINE4 (Jones et al., 2000), TNO (Eerens et 

al., 1993; van den Hout et al., 1994), CAR (den Boeft et al., 1996), STREET-

SRI (Johnson et al., 1973), CPBM (Yamartino and Wiegand, 1986), AEOLIUS 

(Buckland, 1998). 

 

1.3.2. CFD models 

The Computational Fluid Dynamics models (CFD) are based on a set of 

differential equation (Navier-Stokes equations) solved numerically that describe 

in detail air flow and pollutant dispersion. These models need complex initial 

and boundary conditions and CPU time is large comparing with parametric 

models. On the other hand, they can be applied to complex geometries and 

their results describe in detail the flow and dispersion inside streets. This type of 

models was used in this study and their equations are described in detail in the 

chapter 2. Some of these models are: FLUENT (FLUENT Inc., 2005), CHENSI 

(Levi-Alvares and Sini, 1992; Sini et al., 1996), MERCURE (Carissimo et al., 

1996; Ekhalfi and Carissimo, 1993; Riou, 1987), MISKAM (Eichhorn et al., 

1988) or MIMO (Ehrhard et al., 2000). 
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1.4. Models and experiments 

Field experiments have not been largely used due to the difficulty to 

measure inside street and their associated cost. For measurements in real 

street canyons, monitoring stations are usually used to obtain pollutant 

concentration. However, some field experiments have been carried out such as 

the URBCAP project campaign in Rue de Strasbourg in Nantes, France 

(Vachon et al., 2000), the BUBBLE (Basel Urban Boundary Layer Experiment) 

experiment that took place in the city of Basel (Switzerland) between August 

2001 and July 2002 (Rotach et al., 2004) and recently the field campaings 

carried out by the DAPPLE (Dispersion of Air Pollution & Penetration into the 

Local Environment) project from 28th April to 24th May 2003 and from 19th April 

to 13th June at the intersection of Marylebone Road and Glousceter Place in 

Central London, England (Arnold et al., 2004; Dobre et al., 2005). Most of the 

experiments concerning wind flow and pollutant dispersion in urban 

environment have been carried out in wind tunnels, for example Meroney et al. 

(1996),  Pavegeau and Schatzmann (1999), Pascheke et al. (2005), Gerdes 

and Olivari (1999), Kastner-Klein and Plate (1999) or Brown et al. (2001). 

Meroney et al. (1996) studied pollutant dispersion inside street canyons for 

different street geometries using line source to simulate traffic emissions in the 

atmospheric boundary layer wind tunnel (BLASIUS) of the Meteorological 

Institute of Hamburg University (Germany). In later studies using the same wind 

tunnel (BLASIUS), Pavegeau and Schatzmann (1999) investigated some 

turbulent characteristics and statistical properties of concentration in an urban 

canyon for steady release of tracer gas. Also in Hamburg University but in other 
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facility, the large neutral boundary layer windtunnel ‘WOTAN’, Pascheke et al. 

(2005) carried out wind tunnel experiment over a detailed geometry 

representing an urban site (“Göttinger Straβe” and the surrounding city quarter) 

in Hannover, Germany. Gerdes and Olivari investigated wind flow and 

dispersion inside street canyon with symmetric and asymmetric configurations 

in the L-2B wind tunnel of the von Karman Institute (Belgium). Kastner-Klein 

and Plate (1999) studied gaseous pollutant dispersion inside two-dimensional 

street canyons with different roof geometry. Vehicles induced turbulence was 

investigated by Kastner-Klein et al. (1998) and Kastner-Klein et al. (2000) using 

metal plates mounted on the belts moving above line sources to simulate traffic. 

These experiments were carried out in the boundary-layer wind tunnel of the 

Institute of Hydrology and Water Resources (IHW) of Karlsruhe University. 

Brown et al. (2001) studied the wind flow over an array of cubes in the U.S. 

Environmental Protection Agency’s Fluid Modelling Facility wind tunnel. More 

details about this experiment will be described in chapter 6. Some pictures 

about different street canyon experiment inside wind tunnel are shown in Fig. 

1.4. In addition, other reduced-scale experiments have been made in a 

circulating water channel (Baik et al., 2000). 
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(a) 

 

(b) 

 

(c) 

Fig. 1.4. a) Wind tunnel configuration of Pascheke et al. (2005) experiment. b) Vehicle-

induced turbulent wind tunnel experiment in the  University of Karlsruhe (Kastner-Klein, 

http://weather.ou.edu/~pkklein/windtunnel/windtu.html). c) Wind tunnel configuration of 

Brown et al. (2001) experiment.  
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Wind tunnel experiments are very useful to develop, validate and improve 

numerical models because these experiments are carried out at controlled 

conditions (wind flow velocity, turbulence, etc.), and hence known boundary 

conditions can be introduced in the models. However, atmospheric conditions in 

field experiment are not known so detailed as wind tunnel ones and there is an 

uncertainty at initial and boundary conditions. In addition, atmospheric 

conditions do not present a time constant behaviour as in the wind tunnel 

cases, producing more uncertainty. In this way, models at higher scale can be 

also used to provide initial and boundary conditions for real simulations. 

The advantage of the numerical models in this type of problems is its 

resolution. In other words, a numerical provides results of air flow and pollutant 

concentration in all cells of the domain obtaining final results in all studied zone 

so detailed as the mesh resolution is. For example, using model data, the 

search of concentration hotspots inside streets is easier. And these data can be 

used to search suitable and representative position for the monitoring station. 

However, as above commented, experiments are needed to validate the models 

and to investigate physical processes involved at reduced scale. 

 

 

1.5. Relationship between microscale models (Street canyon model) and 

mesoscale models. 

Mesoscale models at high resolution are applied to domains where the 

whole city and the surroundings are simulated. The horizontal resolution of 

these models can not go down to 1 km or several hundreds meters due to 
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computational load. Therefore, each building can not be explicitly solved and 

the effect of urban canopy has to be parameterised (Fig. 1.5). Some urban 

parameterisations for mesoscale models have appeared in the last years 

(Brown and Williams, 1998; Kusaka et al., 2001; Martilli et al., 2002; Coceal and 

Belcher, 2004, etc.). The lack of experimental measurements inside the cities 

makes difficult to improve urban parameterisations, and in this question CFD 

models play an important role. CFD models have a very high resolution solving 

explicitly the air flow over buildings. In this way, they can provide extensive 

dataset for different building configurations, and hence important information 

about parameters for mesoscale models such as drag coefficient and dispersive 

stress can be deduced. 

 

Fig. 1.5. Typical domain of a high resolution mesoscale model and a street canyon 

model. 
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1.6. Contents of the study 

The main objective of the Thesis is to contribute to understanding of physical 

processes (air flow dynamics and pollutant dispersion) inside the street and the 

urban boundary layer. 

In order to reach this objective, the air flow and pollutant dispersion over 

complex geometries have been studied by means of CFD simulations. In the 

chapter 2, a detailed description of the model equations (Reyno lds Averaged 

Navier-Stokes equations, RANS) used along the Thesis is made. 

The results are analysed from chapter 3 to chapter 7. In the chapter 3, 4 and 

5, two-dimensional simulations are carried out. The chapter 3 describes wind 

flow around several symmetric and asymmetric configurations of 2D street 

canyons. A 2D street canyon represents an infinite street in spanwise direction 

where the wind flow is perpendicular to it. In asymmetric geometries, the 

influence of a building higher than the others in a sequence of streets is 

investigated comparing wind flow and turbulent kinetic energy with the results 

corresponding to symmetric configurations. In chapter 4, other similar 

environmental problem, reduction of dust emissions in harbours using 

windbreaks, is studied. An optimum value of windbreak porosity is found using 

simulations and wind tunnel measurements and the performance of several 

turbulence models is analysed. In chapter 5, a description of a new lagrangian 

particle model (SLP-2D) developed in this Thesis is made. In addition, it is 

validated using data of experiments carried out in a wind tunnel and two real 

street canyons. In chapters 6 and 7 the study of a 3-D configuration, an array of 

cubes representing buildings, is presented analysing wind flow and dispersion. 
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Chapter 6 is devoted to show the 3D features of the flow making a detailed 

analysis of the flow structures created over the array of buildings. From the 

results obtained it can be shown that the data can be used to improve urban 

parameterisations for mesoscale models. Moreover, a validation of the model is 

made against wind tunnel measurements. Concerning chapter 7, the tracer 

dispersion over the cubes is investigated finding relationships between emission 

locations and tracer concentration. Finally, in chapter 8 the main conclusions of 

this work and future lines of investigations are described. 

 
 
 





2.1 

CHAPTER 2  
 

CFD MODELS DESCRIPTION 

 

 

2.1. Introduction 

The increasing of computational power of computers in the last years has 

produced that Computational Fluid Dynamics (CFD) models are being used in a 

wide range of applications (Versteeg and Malalasekera, 1995) such as 

aerodynamics of aircraft and vehicles, turbomachinery or chemical process 

engineering, and, specifically these models are also applied to environmental 

problems as previously shown in the chapter 1. 

The main objective of this chapter is to present a brief review of the physical 

basis of CFD models focused on the type of turbulence closure models used in 

the simulations of this study. In this way, a brief description of fluid dynamics 

governing equations is carried out and the most common turbulence closure 

models complete them are described. A more detailed description are made of 

the RANS equations with different types of k-ε as turbulence closure model, as 

these equations are used in the next chapters for the simulations. 
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2.2. Governing equations 

CFD models are based on the governing equations of fluid flow that 

represents the conservation physics laws with mathematical expressions. 

Basically, these equations represent: 

1) Mass conservation (continuity equation). 

2) Momentum conservation described by Newton’s second law. 

3) Energy conservation described by the first law of thermodynamics. 

Hereafter, the energy equation is not taking into account due to the energy 

balance is not considered in the situations analysed along this work. The 

simulated fluid in all cases is air in the urban canopy, and, taking into account 

its characteristics some assumptions can be made: 

1) Air is a Newtonian fluid where the viscous stresses are proportional to 

the rates of deformation. 

2) Air, in the velocity range considered, behaves like an incompressible 

fluid where the density is constant. In addition, the dynamic viscosity is 

considered constant. 

Hence, the continuity (2.1) and momentum equations (2.2 – 2.4) can be 

expressed as follows, 
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where, ρ and µ are the density and the dynamic viscosity. The body forces such 

as Coriolis force are included in Sx, Sy and Sz which represents momentum 

sources for x, y and z equation of momentum, respectively. However, the 

Coriolis force has not been taken into account in this study and this term is 

removed from the equations because its effect at street scale is negligible. 

Finally, u
r

 represents the velocity vector and u, v and w represents the velocity 

component along x, y and z direction of the velocity, respectively. The equations 

of momentum (2.2 - 2.4) are the so-called Navier-Stokes equations. On the left 

hand side of these equations, the first and second terms represent the rate of 

increase of velocity of fluid element and net rate of velocity out of fluid element 

(advection term), respectively. And on the right hand side, the first term 

represent the effects of pressure forces and the second one the effects of the 

viscous forces (diffusion term). The effects of body forces are included as 

sources terms. 

In the next sections, the different ways to solve these equations are 

described paying more attention to the turbulence models used in the 

simulations of the next chapters. 

 

 

2.3. Direct Numerical Simulation (DNS) 

Direct Numerical Simulations (DNS) means that the equations are solved 

numerically but they are integrated without any tuning or modelling assumption. 

However, the application of DNS to urban environment, where turbulent flows 

over complex geometries with complex boundary conditions and high Reynolds 
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number are involved, is very difficult with the current computer resources. With 

these conditions DNS is computationally very expensive and in the most of 

cases is impracticable. Although some interesting cases of DNS simulations 

over group of buildings can be found in the literature as Coceal et al. (2006), 

other techniques of resolution with some assumption are used in the most of 

cases. 

 

 

2.4. Large Eddy Simulation (LES) 

Large Eddy Simulation (LES) is based on a spatial filtering operation of the 

fluid dynamics equations. It is based on the fact that the large scales carry most 

of the energy. In addition, large eddies are geometry dependent and 

anisotropic, while the small scales contain a small fraction of energy and small 

eddies are geometry independent and isotropic.  Therefore, the idea is to solve 

directly the large structures by the computational grid and to model the effects 

of small structures, which are more universal and easier to model. Hence, any 

flow variable is decomposed into a solved component (large scale, filtered) and 

into an unresolved component (small scale, sub-filter). 

This methodology was already applied by Smagorinsky (1963) in the 

circulation of the atmosphere and Deardorff (1970) in an engineering 

application. However, in the last decades there is an increasing trend towards 

the use of LES in simulating flows over complex geometry due to the availability 

of high powerful computers. Some examples of engineering applications are 

Cook et al. (1997), Kim et al. (1998) Ducros et al. (1999), Blazek (2001).  LES 
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has also been applied to simulate flow inside urban canopy (over group of 

buildings (Cheng et al., 2003), in street canyons (Walton et al., 2002)). 

However, LES is very costly in CPU time and for the problems like the one 

studied in this work, other turbulence models such as RANS is more 

convenient.  

 

 

2.5. Reynolds Averaged Navier-Stokes equations (RANS) 

The Reynolds Averaged Navier-Stokes equations (RANS) are based on the 

time average of the fluid dynamics equation. We can define the average φ  of a 

variable φ as follows, 
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t∆  should be taken approaching infinity but it is enough if t∆  is greater than the 

time scales of the slowest variations of φ. The flow variables are decomposed 

into a mean component, φ , and a time-varying fluctuating component, φ ′ , with 

a zero time average. 
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www ′+=           (2.11) 

ppp ′+=           (2.12) 

Using the decomposition given by (2.8-2.12), taking the time average 

defined by (2.5) to the continuity and Navier-Stokes equations (2.1-2.4) and 

applying the properties of time average, we obtain the following expressions, 
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To write the previous expressions in a simpler form, hereafter the 

nomenclature is changed putting for each variable φ instead φ  but representing 

the mean time value in both situations. In addition, Einstein notation is used 

(i=1,2,3 represents x, y and z directions). Hence, 

0=
∂
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These equations for mean flow variables are similar to that for instantaneous 

values (equations 2.1 -2.4) with the exception of the term )( ''
ji

j

uu
x∂
∂

. The terms 

in equations 2.17-2.18 for mean velocity are similar to the terms in equations 
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2.1-2.4 for instantaneous values. On the left hand side of the equations the rate 

of increase of mean velocity of fluid element and net rate of mean velocity out of 

fluid element (advection term) appear in the first and second terms, 

respectively. And on the right hand side, the first term represents the effects of 

forces due to mean pressure and the second one is the diffusion term related to 

mean velocity. Finally, the fluctuation components introduce new unknown 

variables, ''
jiuu , the so-called Reynolds stress tensor. Then, there is a need of a 

turbulence model to close the system of equations (2.17-2.18) computing the 

Reynolds stress tensor and turbulent scalar transport term when there is a 

transport equation. 

Several turbulence models with different level of complexity exist. One 

simple model is the mixing length model. It is based on the assumption that the 

Reynolds stress has the same behaviour as viscous stress, and they are 

assumed to be proportional to the rate of deformation of fluid elements. The 

proportionality constant for the Reynolds stresses is the turbulent viscosity (µt). 

In addition, this type of models describes the stresses by means of simple 

algebraic expressions using the concept of mixing length. A more complex type 

of models is Reynolds Stress Model (RSM). These models solve six different 

transport equations for each Reynolds stress component increasing the CPU 

time. In the middle, more sophisticated than mixing length models and less 

complex than RSM are the k-ε models. This type of models also assumes that 

the Reynolds stresses are proportional to the rate of deformation of fluid 

elements where the proportionality constant for Reynolds stress is the turbulent 
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viscosity (µt). In addition, these models solve an equation for turbulent kinetic 

energy (k) and other for its dissipation (ε). The k-ε models has been largely 

used in engineering applications and also applied in some environment 

applications such as flow and dispersion inside street canyons (Sini et al., 1996; 

Chan et al., 2002; Vardoulakis et al., 2003) 

Now, the several types of k-ε models used in the simulations in the next 

chapters are described in detail. Firstly, a description of the Standard k-ε model 

equations is made, and then two modified k-ε models (RNG and Realizable) are 

analysed. 

The Standard k-ε turbulence closure model solve two equations, as well as 

the continuity and Navier-Stokes equations, one considering the evolution of the 

turbulent kinetic energy (k) and the other one accounting for the dissipation rate 

of turbulent kinetic energy (ε):  
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where ui is the j component of velocity, t is the time, xj is the j coordinate, ρ is 

the air density and µ is the  dynamic viscosity. The turbulent viscosity is: 

ε
ρµ µ

2k
Ct =           (2.21) 

The Reynolds stress is modelled as previously commented: 
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In (2.19) and (2.20) Gk is the turbulent kinetic energy production; σk (= 1.0)  and 

σε (= 1.3) are turbulent Prandtl number for k and ε, respectively; Cµ, Cε1 and Cε2 

are model constants (Cµ=0.09 ; Cε1=1.44 ; Cε2=1.92). These values of model 

constants are shown as the most suitable for a wide range of turbulent flows 

(Launder and Spalding, 1974; Versteeg and Malalasekera, 1995). In this work, 

the CFD models are applied to atmospheric flow at microscale. These models 

are usually used to simulate this type of flow, but in addition, validation with 

results against experimental data should be carried out. 

These equations have similar terms to Reynolds-Averaged Navier-Stokes 

equations. On the left hand side, the first and second terms indicate the rate of 

change of turbulent kinetic energy, k, (or of dissipation rate of turbulent kinetic 

energy, ε,  in equation 2.20) of fluid element and net rate of k (or ε) out of fluid 

element (advection term). On the right hand side of equations the first, second 

and third terms are diffusion term, source term and sink term of k (or ε), 

respectively. 

Concerning RNG k-ε, it is based on RNG theory (Yakhot and Orszag, 1986) 

and three differences exist between this turbulence model and Standard k-ε: 

1) ε equation is solved with an additional term that significantly improves 

the accuracy for rapidly strained flows. 

2) Turbulent Prandtl numbers are computed by analytical expressions. 

3) Effective viscosity is determined by a differential equation.  
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Hence, the RNG k-ε  model governing equations used to calculate k and ε  

are: 
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where, µeff is the effective turbulent viscosity; αk and αε are the inverse effective 

Prandtl number for k and ε ; η  is Sk/ε ; S is the scalar measure of deformation 

tensor; η0 is constant (= 4.38) and β is constant (= 0.012); Cµ , Cε1 and Cε2 are 

model constant (Cµ = 0.0845; Cε1 = 1.42 ; Cε2 = 1.68) (Chan et a l., 2002). 

The additional term in ε equation included in the RNG k-ε  turbulence model 

is given by, 
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In regions where η < η0, this term is positive. Therefore, in ε equation (6) the 

coefficient of - ε2 / k is larger than Cε2 for weakly and moderately strained flows 

and the results obtained by  RNG k-ε  model is close to the results obtained by  

k-ε  standard model. In regions where η  > η0, the contribution of the additional 

term is negative, and therefore in ε equation (6) the coefficient of - ε2 / k is  

lower than Cε2. This fact produces a smaller destruction of ε, reducing k and 
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effective viscosity in comparison with k-ε standard turbulence model. Therefore 

the RNG k-ε model provides a lower viscosity than k-ε  standard model in 

rapidly strained flows. 

Concerning the Realizable k-ε  model there are two differences between it 

and the other k-ε models: 

1) A  new analytical  expression to determine turbulent viscosity where Cµ is 

no longer a constant 

2) A equation for ε based on dynamic equation of the mean-square vorticity 

fluctuation.  

Actually, the governing equations of Realizable k-ε turbulence model are: 
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where 







+

=
5

,43.0max1 η
η

C ; σk (= 1.0) and σε (= 1.2) turbulent Prandtl numbers 

for k and ε respectively; C2 is a model constant (=1.9) (Shih et al., 1995; Chan 

et al., 2002). 

 

- Transport equation 

As well as continuity and Navier-Stokes equations, it is needed a transport 

equation to simulate dispersion using an Eulerian model. In the chapter 7, this 

type of model is used to simulate tracer dispersion over an array of cubes. For a 
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steady state ( 0=
∂
∂

t
C
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, the transport equation 

can be written as follows, 
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C is the mean pollutant concentration, SC denotes the source term and Sct is 

the turbulent Schmidt number (Sct = 0.9). 

 

 

2.6. Final Remarks 

In conclusion, DNS solves fluid dynamics equations without any assumption 

but it needs in most cases an impracticable CPU time. On the other hand, LES 

makes a spatial filtering modelling the turbulence with high accuracy, however it 

is very costly in CPU time in comparison with RANS. LES and DNS results 

would predict with higher accuracy the wind flow but also using higher 

computational load. In the application to atmospheric flows, there are 

uncertainties in initial and boundary conditions. The atmospheric conditions are 

not known in detail for real situations and these uncertainties could be 

comparable to the difference amongst LES and RANS results. Hence, RANS 

seems to be suitable for our purposes, it spends a reasonable CPU time and 

would predict flow features with good accuracy. Along the next chapters, 

simulations in different configurations are carried out with RANS using k-ε 

turbulence models and its accuracy is checked with experimental 

measurements when they are available. 



3.1 

CHAPTER 3  
 

2D SIMULATION OF THE AIR FLOW IN SYMMETRIC 

AND ASYMMETRIC STREET CANYONS 

 

 

3.1. Introduction 

In recent years a large amount of research has been conducted on urban 

scale and street canyon configurations, which has been fostered by the need to 

explain the dispersion of pollutants. The findings can contribute definitely to the 

developments of mathematical models for control and prediction of air quality 

inside cities. To achieve this objective, street canyon modelling plays a 

significant role. Pollutant dispersion inside canyons is determined by wind flow 

around this complex geometry. Experimental investigations have been made by 

means of field measurements such as Vachon et al. (2000) or wind tunnel 

experiences as Meroney et al. (1996) or Kastner-Klein and Plate (1999). In 

many of these researches, they have used CFD models in several 

configurations, for instance Assimakopoulos et al. (2003) or Sini et al. (1996). 

These models are based on a numerical resolution of Navier-Stokes equations 

with a turbulence closure model. 

The main objective of this chapter is to contribute to the understanding of air 

circulation inside street canyons. In order to achieve this purpose, several 

configurations of 2D canyons are investigated. Two-dimensional sequences of 
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real-scale street canyons (obstacles height is ten meter range) with different 

geometric features (symmetric canyons and asymmetric canyons forming step-

up and step-down notch configurations) are simulated. These general 

configurations are modified to investigate some parameters such as aspect 

ratio, W/H, where W is the width of street and H is the height of buildings. Flows 

with high Reynolds numbers are modelled. Reynolds number (Re) is defined as 

Re = VL/ν, where V and L are characteristic velocity and length scales of the 

mean flow and ν is air kinematic viscosity. In this case Reynolds number 

calculated is Re ≈ 7.3 106, based on building height (L) and free stream velocity 

(V). This value is large in comparison with Re corresponding to wind tunnel 

experiments (Re ≈ 103-104). 

The different flow regimes described by Oke (1988) and Sini et al. (1996) 

can be observed in the study of symmetric configurations with different aspect 

ratios (W/H). Hence, the flow regime produced by each aspect ratio is analysed 

and compared with the values given in the other studies. Concerning 

asymmetric configurations, there are not many studies carried out about this 

type of configurations, and here, a detailed study about the flow features in 

asymmetric configurations (different W/H) in comparison with the corresponding 

symmetric case is made. Analysing the results we can estimate the influence of 

a higher building inside a sequence of street canyons (Santiago and Martin, 

2004; Santiago and Martin, 2005a). 
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3.2. Description of the cases 

All cases consist of a sequence of five street canyons. Three different 

sequences (the symmetric case and two asymmetric cases) were studied and 

air flow characteristics were simulated in each case. The geometry of these 

cases are described in the following paragraphs. This study is focused on the 

central canyon, the third one. It is assumed that the flow inside and after the 

third canyon has reached an equilibrium state. This assumption is based on the 

flow patterns observed inside canyons. 

 

3.2.1 Symmetric cases 

In these cases, buildings had the same height (20 m). Only street width was 

changed to obtain, in each case, a different aspect ratio (W/H). W represents 

the canyon width and H the building height (Fig. 3.1). Configurations with W/H = 

1, 0.5 and 0.25 are simulated. 

 
 
 

 
 
Fig. 3.1. Diagram of symmetric configurations of street canyons. 
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3.2.2 Asymmetric cases 

In these simulations, one building of the central canyon is taller (30 m) than 

others. Two situations were studied. In one of them, the windward buildings of 

central canyons were 30m-high buildings forming step-up notch configurations 

in these canyons (Fig. 3.2). In the other one the leeward buildings of central 

cavities are 30m-high buildings forming step-down notch configurations in these 

canyons (Fig. 3.3). Several configuration with different aspect ratios (W/H = 1, 

0.5, 0.25) are analysed. 

 

Fig. 3.2. Diagram of step-up notch configurations of street canyons. 

 

 

Fig. 3.3. Diagram of step-down notch configurations of street canyons. 



Chapter 3. 2D simulation of the air flow in symmetric and asymmetric street 
canyons 
 

 3.5 

3.3. Simulation set-up 

The simulation of the air flow characteristics in different configurations of 

street canyons was based on Reynolds-Averaged Navier-Stokes equations 

(RANS) with a RNG k-ε  turbulence closure model. Chan et al. (2002) found that 

this turbulent closure model is the most suitable among the two-dimensional 

street canyon studied by them. FLUENT CFD software version 6 (Fluent, Inc, 

2005) is used in the simulations. 

The resolution of governing equations was made by means of a collocated 

grid system using the finite volume method. The segregated method was 

employed to solve discretised equations and the algorithm used to solve 

pressure-velocity coupling was SIMPLE (Semi-Implicit Method for Pressure-

Linked Equations) (Patankar, 1980). The advection-differencing scheme applied 

was the second-order upwind scheme. 

Concerning boundary conditions, on top of domain, symmetry boundary 

conditions were used. Symmetry boundary conditions consist of zero normal 

velocity and zero normal gradients of all variables at the symmetry plane. The 

bottom floor and building walls were simulated using standard wall function as 

boundary conditions. Flow inlet boundary conditions are described in the 

following expressions: 
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where, u  and v are horizontal and vertical velocity respectively. k and ε are 

turbulent kinetic energy and its dissipation, respectively. z0 is roughness length  

(was set at 0.1 m). z0 value is not roughness length for urban areas, but it 

corresponds to building wall roughness. Cµ is 0.09 and κ  is von Karman’s 

constant (κ = 0.4). In addition, u* represents friction velocity. It was set at 0.3 m 

s-1 corresponding to u = 5.5 m s-1 approximately in the top of the domain), 

although simulations with u* = 0.05 were made and an intercomparison of the 

results with those of other cases were discussed to evaluate Reynolds-

independency in these simulations. Under these conditions the Reynolds 

number used is very high (approximately 7.3 106
 in the first cases). 

The numerical domain and a diagram of boundary conditions for three 

different sequences of street canyon with an aspect ratio W/H=1 (similar 

domains and boundary conditions were used in the other cases by changing the 

corresponding aspect ratios) are shown in Fig. 3.4. 

Concerning the grid, the resolution inside canyons are 0.125 m x 0.125 m. 

Outside, an irregular mesh is used. The X-axis grid resolution outside canyons 

is 0.125m near the canyon, increasing farther away from it. The Z-axis grid 

resolution above the roof is 0.125 m near the roof, increasing with the Z-

coordinate. Fig. 3.5 shows a part of the mesh close to a building. 
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Fig. 3.4. Domain and boundary conditions in a sequences of five street canyons with 

an aspect ratio W/H = 1 in symmetric configurations. 

 

 

Fig. 3.5. Mesh used close to the buildings. 
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3.4. Results 

Simulations were made in sequences of street canyons with different 

characteristics. In Fig. 3.6 – 3.8 the wind flow over all domain in the cases of 

W/H = 1 is shown and the effect of the higher building over the flow can be 

observed. Hereafter, a more detailed analysis of results is made focusing on 

central canyons, where the flow is adjusted to the sequence, the flow inside this 

canyon is not influenced by the edge of sequence. 

 

 

 

 

 

Fig. 3.6. Wind flow in the sequence of five street canyons with an aspect ratio W/H = 1 

corresponding to the symetric case. 
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Fig. 3.7. Same as Fig. 3.6 but for step-up notch configuration. 

 

 

 

 

Fig. 3.8. Same as Fig. 3.6 but for step-down notch configuration. 
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3.4.1 Symmetric cases 

Wind flow features obtained is according to Oke (1988) and Sini et al. 

(1996). Several flow regimes (skimming flow, including multi-vortex regimes) 

have been found in these simulations with different aspect ratio (W/H). Sini et 

al. (1996) predicts skimming flow with one main vortex for W/H between 1.5 and 

0.6, and skimming flow with contra-rotative vortices for W/H < 0.6. In this study 

for W/H = 1 the flow regime is skimming flow with one main vortex but in the 

other cases with W/H = 0.5 and 0.25 two and three counter rotating vortices 

appear as expected by flow regime classification shown by Sini. Concerning 

turbulent kinetic energy, the highest values are detected in the upper corner of 

windward buildings in each case (Fig. 3.9 – 3.11). Inside the canyons, k values 

in one-vortex regime are notably larger than multi-vortex regimes. Moreover, in 

multi-vortex regimes only significant values are found in upper vortex and they 

have dramatically decreasing value in lower vortices. It explains the isolation of 

the air in the bottom of the street canyons and it implies a difficulty to ventilate 

the streets from the pollutant emitted inside them (traffic). Inside all symmetric 

canyons, the largest k values are observed in windward wall of canyons where 

external flow penetrates inside the canyons. 
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Fig. 3.9. Wind flow and turbulent kinetic energy contours in central canyons of the 

symmetric configuration with an aspect ratio W/H = 1. 

 

Fig. 3.10. Same as Fig. 3.9 but for W/H = 0.5. 
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Fig. 3.11. Same as Fig. 3.9 but for W/H = 0.25. 

 

 

3.4.2 Asymmetric cases and its comparison with symmetric cases 

Wind flow characteristics obtained in central canyons of asymmetric cases 

are very different depending on central canyons forming a step-up or a step-

down notch configuration.  These results are shown and compared to those of 

symmetric cases in the next subsections. 
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3.4.2.1 Step-up notch configuration in central canyon 

Wind flow patterns of different aspect ratio configurations are shown in 

Figures 3.12 – 3.14. In W/H = 1 case, one vortex distorted with its center slightly 

shifted upwards and towards the downwind wall) is detected in central cavity. In 

W/H = 0.5 configuration, two counter-rotating vortices appear. The lower vortex 

is much weaker than other, and the upper one is distorted and displaced to 

upward due to high building. Finally, when canyon aspect ratio is 0.25, four 

counter-rotating vortices are found. Comparing these flow pattern to symmetric 

cases  with same aspect ratios (W/H = 1, 0.5, 0.25), it can be concluded that 

they are radically different. 

Turbulent features of wind flow are also changed comparing to symmetric 

configurations. In step-up situations, a large value of turbulent kinetic energy (k) 

have been found in windward wall, where external flow penetrates inside the 

canyons. It seems to be produced by the tallest obstacles and transported 

inside the canyons. For instance, in W/H = 1 configuration, the maximum value 

of k in this zone is twice as much as in the symmetric canyon. Inside the 

canyons, turbulent kinetic energy in one-vortex regime is notably larger than 

multi-vortex regimes. In addition, in multi-vortex regimes only significant values 

are observed in upper vortex and they have a dramatically decay in lower 

vortices.  
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Fig. 3.12. Wind flow and turbulent kinetic energy contours in central canyons of the 

step-up notch configuration with an aspect ratio W/H = 1. 

 

Fig. 3.13. Same as Fig. 3.12 but for W/H = 0.5. 
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Figure 3.14. Same as Fig. 3.12 but for W/H = 0.25. 

 

3.4.2.2  Step-down notch configuration in central canyon 

Wind flow patterns of different aspect ratio configurations are shown in Fig. 

3.15 – 3.17. An important result in these configurations is the wake created by 

30m-high buildings, affecting to air circulation in central canyons. In W/H = 1 

situation, a counterclockwise-rotating vortex in the central cavity is detected. It 

rotates in the opposite direction than in the symmetric case with W/H = 1. 

Similar situations appear in W/H = 0.5 and W/H = 0.25 configurations. In the 

first case two counter-rotating vortices are observed, but their rotation direction 
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is opposite than symmetric canyon case with W/H = 0.5. Inside the central 

street canyon of the last configuration, three vortices and an additional weak 

vortex collocated in the bottom corner of the leeward wall are detected. Their 

rotation direction is also opposite than the corresponding symmetric case. 

These results are due to the wakes created by the tallest buildings which is 

situated above central cavities. 

 

 

 

 

Fig. 3.15. Wind flow and turbulent kinetic energy contours in central canyons of the 

step-down notch configuration with an aspect ratio W/H = 1. 
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Fig. 3.16. Same as Fig. 3.15 but for W/H = 0.5. 

 

Maximum values of turbulent kinetic energy (k) in central canyons with step-

down configuration are found in upper zone of top building (see Fig. 3.15 – 

3.17). This fact seems to be due to a re-circulating zone, produced by 30m-high 

obstacles, placed above them. This situation is radically different comparing 

with symmetric cases where the maximum values of k in central cavities are in 

upper corner of windward wall. Moreover, these values are higher in the 

asymmetric situations than in the symmetric ones. Inside the canyons, only 

significant k values are observed in the upper zone of them. 
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Fig. 3.17. Same as Fig. 3.15 but for W/H = 0.25. 

 

 

3.4.3. Simulations with different inlet boundary conditions: Reynolds-

independency 

Finally, new simulations with different inlet boundary conditions are made. 

All previous simulations are repeated changing the friction velocity from 0.3       

m s-1 to 0.05 m s-1. This fact causes a reduction in the inlet velocity, k and ε 

values compared with previous exercises (see equations 3.1-3.4). The u* ratio 

used is 6 (0.3/0.05). Hence, the wind vector ratio must be 6 and the turbulent 

kinetic energy ratio must be 36 to demonstrate that these simulations are 
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Reynolds-independent. In all cases, symmetric as well as asymmetric canyons, 

these relations are obtained. For instance in Fig. 3.18, wind fields and k 

contours after their normalization by u* is shown for the same geometry with the 

two different inlet conditions. Similar shape of contour and values are found. 

Thus, Reynolds-independency would be proved in these cases. 

 

 

 

 

Fig. 3.18. Dimensionless wind fields (v/u*) and contours of dimensionless turbulence 

kinetic energy (k/(u*)2) inside central canyon of a sequence of street canyons where 

step-up notch configuration in central one exists. (a) Case with u* = 0.3 m s-1. (b) Case 

with u* = 0.05 m s-1. 
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3.5. Conclusions 

In symmetric configurations, multivortex structures appears in narrow street-

canyons following the flow regimes predicted by Sini et al. (1996). The turbulent 

kinetic energy seems to have significant values only in the top vortex with a 

remarkable decrease in the other ones. Largest k values are observed in 

windward wall of canyons where external flow penetrates inside the canyons. 

A taller building affects the air flow feature inside canyons. It seems to be 

this influence very important. Flow patterns and turbulent properties are 

radically different in symmetric and asymmetric situations. In addition, the 30m-

high obstacle affects upwind zone (step-up notch configuration in central 

canyons) and downwind zone (step-down notch configuration in central 

canyons). 

Simulations using two different friction velocities (u* = 0.3, 0.05 m s-1) are 

compared. Considering u* ratio = 6 in situations with different inlet conditions, 

the wind velocity ratio equals to 6 and the k ratio equals to 36. Therefore, the 

requested Reynolds-independency has been proved. 

 Pollutant distribution inside street canyons is determined by wind flow 

characteristics inside them. Thus, it is important the existence of one building 

taller than the others because it affects very much to the flow pattern, and 

therefore to the pollutant distribution inside canyons. 

In conclusion, a building that is taller than others in a sequence of street 

canyons considerably alters the wind flow characteristics and hence, influences 

the pollutant dispersion patterns. This knowledge is important to obtain a good 
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description of the urban canopy and a possible explanation of pollutant 

distribution in urban streets. 





 

4.1 

CHAPTER 4  
 

2D SIMULATION AND EXPERIMENTAL STUDY OF WIND 

FLOW BEHIND WINDBREAKS 

 

 

4.1. Introduction 

The windbreaks are fences, usually porous fences, whose objective is to 

create a protection zone against wind behind them. Windbreaks are used in a 

large number of applications such as to reduce soil erosion, to protect crop or to 

comfort the pedestrians. This chapter is focused on windbreak as an 

attenuating measure of dust emissions in harbours. Harbours are located close 

to cities and the emissions of pollutants, such as particles, can contribute to 

high ambient concentrations at the closest urban district. Then, it is an 

interesting environmental problem and the dynamics has the same scale as 

street canyon cases. 

Large amounts of materials in aggregate form are handled, stored and 

transported in harbour areas producing important particle emissions to the 

environment. These materials existing in harbours are usually stored piled up 

on ground in an open location. The open storage produces dust emission from 

aggregate piles, and wind erosion is an important factor especially when strong 

wind blows. These emissions should be controlled and reduced as much as 
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possible and a way to diminish them is to use windbreaks to protect the piles 

from wind erosion (Borges and Viegas, 1998;  Jensen et al. , 2001). 

 

 

4.2. State of the art of wind flow behind a windbreak 

The windbreak objective is to provide a shelter effect by decreasing the wind 

speed  in a large zone behind the fence. Depending on barrier characteristics, 

different wind speed reductions and turbulence features are found in different 

leeward areas. Porosity, defined as the ratio between hole area and total area 

of the fence, is considered as the most important parameter influencing on the 

flow pattern behind a windbreak (Perera, 1981). However, Wilson (1987) found 

more reasonable to use the fence resistance coefficient instead porosity to 

characterise the flow. Although several empirical relationships link the value of 

the fence resistance coefficient with the windbreak porosity (Hoerner, 1965; 

Perry et al., 1997; Reynolds, 1969; Lee and Lim, 2001). The ratio hb/z0 , where 

hb is the height of the barrier and z0 is the roughness length, is also important, 

specially for modelling purposes (Raine and Stevenson, 1977; Judd et al., 

1996). 

According to flow features several zones can be distinguished (Judd et al., 

1996) (Fig. 4.1):  

A) the upwind approach profile. 

B) the displaced profile above the fence. 

C) the bleed flow through the porous windbreak. 
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D) the quiet zone, which is the sheltered region which extends upwind to 

x/hb ≈ -1 and downwind to x/hb ≈ 3 – 7. 

E) the mixing zone or wake zone, which is a turbulent zone located above 

and downwind of the quiet region. 

F) Re-equilibration zone located further downwind where the approach flow 

is re-established. 

 

 

 

 

 

 

Fig. 4.1. Two-dimensional diagram of wind flow over a windbreak. 

 

The porosity has a great influence in the size of these zones. For instance, 

an interesting result is that there is no re-circulating flow zone behind the 

windbreak when the porosity is higher than 30% (Perera, 1981; Castro, 1971). 

The literature is rich with studies on windbreak flow with both experiments and 

numerical simulations. Plate (1971) reviewed windbreak aerodynamics. 

Measurements of mean velocity and turbulence variables behind single solid 

and porous fences were carried out by Raine and Stevenson (1977). The 

authors found a protection zone for medium porosity fences larger than that for 

solid windbreaks. Bradley and Mulhearn (1983) reported field data of velocity 
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and stress perturbation behind a porous fence. Wilson (1987) analysed the 

influence of fence porosity profile on mean velocity and turbulence behind a 

50% porous windbreak, concluding that in general, it seems the use of a non-

uniform porosity profile does not produce substantial improvements. Wind 

pressure field behind a permeable fence was analysed by Wilson (1997) to 

obtain more data for evaluating numerical models. Park and Lee (2002) studied 

the shelter effect of a porous fence to protect coal piles in an open storage, in a 

Korean factory, and a porosity of 30% was found effective for abating wind 

erosion. 

Concerning numerical studies on flow with shelterbelts an early work was 

carried out by Tani (1958) where windbreak was treated as a source of 

momentum deficit and this deficit was considered as a scalar controlled by 

turbulent diffusion. More complex models have been used with the advent of 

growing computational power. Hagen et al. (1981) computed the flow through a 

porous fence with a k-ε model but the windbreak effects were simulated 

imposing a measured mean velocity profile very near in the leeward side of the 

barrier. Wilson (1985) used RANS equations introducing a momentum sink 

involving the fence resistance coefficient to simulate a porous barrier. His 

results showed a quite good prediction of the flow pattern near a single porous 

windbreak, but further downwind underestimated the rate of return towards the 

upstream equilibrium. Similar simulations are carried out by Wang and Takle 

(1995) and Wilson and Mooney (1997). Wang and Takle (1995) did not find the 

previous problem outlined by Wilson (1985), and Wilson and Mooney (1997) 

proposed that the reason may be the computational domain size used (too 
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shallow for Wang and Takle, 1995). Packwood (2000) found better prediction 

for the average velocity than for the turbulence parameters in a single porous 

windbreak simulation. RANS model inaccuracy in this context has been 

analysed by Wilson and Yee (2003) and Wilson (2004b). Higher inaccuracy 

were found in complex cases, as the wind over a windbreak array (data of 

McAneney and Judd, 1991 case) or the oblique and stratified winds around a 

shelterbelt (data of  Wilson, 2004a case). They found that the RANS models 

produce an ambiguity in their results due to the choice of the turbulent closure 

and the discretization error. They concluded that a balanced view of the 

problem is the reassessment of both testing closure models and schemes in 

order to determine the potential value of RANS models and to avoid the 

premature substitution of measurements for models. For this reason, one part of 

this study is devoted to perform the comparison of three different turbulence 

models with the same numerical procedure and parameters (same domain, 

grid, boundary conditions,...)  to observe the differences amongst the results. 

 

 

4.3. Objectives of this chapter 

The objectives proposed in this chapter are the following (Santiago et al., 

2005; Santiago et al., 2006d): 

1) To investigate air flow around isolated windbreaks for a range of 

porosities from 0 (solid fence) to 0.5. 

2) To find an optimum value of porosity fence to reduce dust emissions 

in harbours. Therefore, it is searched a windbreak porosity that 
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creates the larger sheltered zone possible in the conditions studied 

with low roughness length, as afterwards explained. 

3) To evaluate RANS simulations with different turbulent closures 

schemes by means of  comparisons with experimental data. Data from 

experiments carried out in the wind tunnel of IDR/UPM, E.T.S.I. 

Aeronáuticos, Universidad Politécnica de Madrid (Meseguer et al., 

2002) were used to evaluate results provided by RANS simulations 

using different turbulence closure models: Standard k-ε, RNG- k-ε  

and Realizable k-ε. Thus, here the capacity of each model have been 

assessed to simulate these cases and observed the influence of the 

turbulence closure model in the final results maintaining identical all 

the other characteristics of the  numerical method (grid, domain, etc.). 

Previously, a preliminary test of the performance of the three different 

k-ε models were made by means of a comparison among numerical 

results from the different closure schemes and the Bradley and 

Mulhearn (1983) experiment data. 

In all cases (with the exception of Bradley and Mulhearn experiment) a 

roughness length (z0) almost 0 have been considered, which is the most 

suitable to represent the atmospheric boundary layer close to the sea. In other 

words, the streamwise velocity profile is almost flat, except inside a narrow zone 

close to the ground where the velocity rapidly grows from cero at the wall to 

reach the speed. To obtain this flat profile, in the wind tunnel experiments, 

roughness elements have not been used and the value of roughness length 

used in the simulations have been obtained  from the fitting of the experimental 
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upwind velocity profile to a logarithmic profile. Most of the previous  

investigations have studied cases with larger values of roughness length (e.g. 

hb/z0=600 in Bradley and Mulhearn, 1983; hb/z0=160 in Wilson, 1997, where hb 

is barrier height), but in this work, the interest is in the shelter effect of 

windbreaks located in harbours. Here, the fences are used to protect aggregate 

piles stored in an open location and the roughness length in sea or coastal 

zones has very low values (10-3-10-4 m) as pointed out by Dyrbye and Hansen, 

1997; Gao et al., 2000. In this work the roughness length is lower but the 

interest is in analysing an extreme case with quasi-vertical upwind profile for 

streamwise velocity (z0 almost 0). 

 

4.4. Simulation of porosity 

Numerical simulations are based on Reynolds Averaged Navier-Stokes 

equations (RANS) using three different k-ε models (standard k-ε, RNG k-ε  and 

Realizable k-ε) as turbulence closure models. The equations of these models 

have been described in the chapter 2 of the Thesis, and, in this section, the 

description is focused on the treatment to solve porous obstacles as porous 

windbreaks.  In all simulations, the resolution of governing equations is made by 

means of a collocated grid system using the finite volume method. Discretised 

equations are solved by the segregated method. For discretization, a second-

order upwind scheme was used. As previously mentioned, to solve the 

pressure-velocity coupling the SIMPLE (Semi-Implicit Method for Pressure-

Linked Equations) described by Patankar (1980) has been employed. 
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A permeable windbreak has been simulated by a thin porous medium as it is 

shown below, including an additional term of momentum sink at the wall. 

Pressure change of an incompressible flow behind a perforated material can be 

expressed as (Perry et al., 1997): 

2
22/1 vKp ρ⋅=∆          (4.1) 

where v is the normal velocity to porous surface; K2 is the pressure-jump 

coefficient. 

The porosity is defined, as previously commented, as the ratio between hole 

area and total area of the barrier. Considering this relationship and equation 

4.1, K2 is related to porosity, φ , by the following expression (Perry et al., 1997):  

2

2

22
11

φ
φ−

=
C

K          (4.2) 

where C is a coefficient depending on Reynolds number, (in this case, C was 

set to 0.98) and φ is the porosity.  

Following Wilson (1985) and Wilson and Yee (2003) the resistance 

coefficient of barrier (kr) is defined herein as, 

)/( 2vpkr ρ∆=          (4.3) 

This definition is different from the traditional one where 

2
2 )2/1/( Kvpkr =⋅⋅∆= ρ . Therefore, considering these equations (4.2 and 4.3), 

the relationship that have been used here to link resistance coefficient with 

barrier porosity is (Reynolds, 1969; Perry et al., 1997; Lee and Lim, 2001), 

kr=0.52(1-φ 2)/ φ2         (4.4) 
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4.5. Applications of the models to “Bradley and Mulhearn (1983)” case 

In the past, several studies (Lee and Lim, 2001;  Wilson and Yee, 2003) 

have used the experimental data of Bradley and Mulhearn (1983) in simulation 

exercises. Thus, in order to make a preliminary test on the performance of the 

models used later in the next sections, we have chosen these data as a 

benchmark. The field data were taken downwind of an isolated porous fence 

under neutral stability conditions. A windbreak with height hb = 1.2 m was 

located on an uniform ground with roughness length z0 = 0.002m(hb/z0 = 600). 

In this case, the fence resistance coefficient, necessary for the model 

simulation,  is known (kr=2 (Wilson, 1985; Wilson and Yee, 2003)). Thus, it is no 

need to relate porosity with fence resistance coefficient. 

This configuration has been simulated by using the three different turbulent 

closure models above mentioned with the same simulation set up. Numerical 

domain ranges from x/hb = -10 to 80 in horizontal direction and from z/hb = 0 to 

41 in vertical direction with the fence located at x/hb = 0 (Fig. 4.2). The domain 

is similar to that used by Wilson and Yee (2003) to simulate the same case. An 

irregular  Cartesian grid of 90 x 48 cells were used in domain discretization. 

Higher resolution grid (∆x/hb =0.125; ∆z/hb =0.125) is employed close to barrier 

and is similar to that used in the cases studied in the next section. 

In the comparison, streamwise velocity component is normalized with the 

upwind mean velocity at height z = 4 m (u/u04). Normalized velocity at fixed 

vertical positions (z/hb =0.38, 1.88) and the vertical profile of u/u04 at x/hb =4.2 

are shown in Figs. 4.3 and 4.4, respectively, comparing measurements of 

Bradley and Mulhearn (1983) and computation results from the present study. 
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Fig. 4.2. Numerical domain to simulate the case of Bradley and Mulhearn’s fence. 

 

Fig. 4.3. Horizontal profile of streamwise mean velocity (u/u04) at z/hb =0.38, 1.88. 
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Fig. 4.4. Vertical profile of  streamwise mean velocity (u/u04) at x/hb =4.2. 

 

Computed normalized velocity for the three turbulence closure models are, 

overall, in good agreement with the experimental data. Standard k-ε  model 

seems to simulate better the recovery of mean velocity further downstream of 

the fence at z/hb =0.38 than the others closure models used, however at z/hb 

=1.88 not so good results are obtained. Similar behaviour present the results 

obtained from RNG and Realizable k-ε  models at these heights 

underestimating the rate of recovering towards the upstream conditions. In 

addition, the results concerning the vertical profile at x/hb =4.2 show that the 

deceleration at  z/hb <1 and the speed-up above the fence are reproduced by 

RNG and Realizable k-ε  models in remarkable good agreement with 
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measurements. Realizable k-ε shows a slightly better performance. However 

the differences amongst the results obtained from the turbulence models are 

not substantial and all shows an overall good performance when using the 

same numerical method  characteristics (grid, domain, ...).  This fact can be 

observed calculating the statistical parameters (described in section 4.6.2). All 

models present similar RMS, although Standard k-ε  provides the lower value 

(RMS = 0.047, 0.075 and 0.054 for Standard, RNG and Realizable k-ε, 

respectively). Concerning data correlation, Realizable k-ε (R=0.993) shows a 

better behaviour but similar to the others (0.985 and 0.988 for Standard k-ε and 

RNG k-ε). In conclusion, using the same numerical method features, the 

turbulence models used provide similar results for this experiment obtaining an 

overall good agreement with the experimental data, thus proving their suitability 

to study this type of flow. 

 

 

4.6. Shelter effect in fences with different porosities. Numerical simulation 

and comparison against IDR/UPM wind tunnel measurements. 

 

4.6.1. Cases description and experimental and numerical set up 

Wind flow around isolated windbreaks located on a flat ground (roughness 

length almost 0) has been studied analysing the shelter effect provided by 

fences. Porosity, related to resistance coefficient as shown in Section 4.4), was 

used to characterize each windbreak, keeping the values of the others 



Chapter 4. 2D simulation and experimental study of wind flow behind 
windbreaks 
 

 4.13 

parameter (both geometrical and meteorological) the same in all cases. Thus, 

the influence of porosity in the shelter zone produced by a windbreak has been 

observed in these conditions by changing the porosity of an isolated windbreak. 

The values of porosity studied were φ = 0 (solid fence), 0.1, 0.24, 0.35, 0.4, 0.5. 

This study is carried out with wind tunnel measurements and numerical 

simulations. The three turbulence model (standard k-ε, RNG k-ε and Realizable 

k-ε) are applied to evaluate their performance in these conditions using wind 

tunnel data in the comparison. 

The experiments were carried out in the wind tunnel of IDR/UPM, E.T.S.I. 

Aeronáuticos, Universidad Politécnica de Madrid (Meseguer at al., 2002). In this 

facility, a large amount of experimental investigations in the field of wind 

engineering has been made. Dimensions of wind tunnel test chamber the cross 

section are 1.4m x 1.8m. The porous fences have been built out of perforated 

plates with circular holes uniformly distributed (Fig. 4.5). They have a height hb 

= 0.12 m and was located on a flat surface, all cross the test section no 

roughness elements were placed to create a boundary layer. Velocity and 

turbulence measurements behind the fences were performed by using one 

component DANTEC STREAMLINE 90N10 FRAME hot wire anemometer. 

More details about experimental set up can be found in Meseguer et al. (2002). 

The wind tunnel inflow velocity profile was fitted to a logarithmic profile with 

a z0 = 2.4 ·10-14 m. This value was used in numerical simulations together with 

the horizontal component, u(z), turbulent kinetic energy, kin, and energy 

dissipation, ε in, inlet profiles: 
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where u∗  is the friction velocity (0.3 m s-1).  The expression (4.7) for ε in has also 

been used by Sini et al. (1996) and Kim and Baik (1999). κ  is von Karman’s 

constant (κ = 0.4). The Reynolds number based on fence height was 

approximately 1.9 x 105. 

 

 

 

Fig. 4.5. Example of windbreak used in the experiments. 

 

At ground, standard wall functions have been used. Porous fences have 

been represented as a momentum sink (see Section 4.4), but in the case of a 

solid barrier a standard wall function has been also used. At the upper 

boundary, zero normal velocity and zero normal gradient of all variables have 
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been imposed and at the downstream limit of the domain (outflow), flow has 

been considered fully developed. The numerical domain was the same in all 

simulations. In the streamwise direction, it ranges from x/hb = -50 to 100 with 

the barrier located at x/hb =0. The height of domain used is 30hb. Also, 

simulations with 70hb have been performed and negligible changes in the 

results (< 1 % in the maximum of velocity near the windbreak) have been found. 

Therefore, a domain height of 30hb was considered high enough to simulate the 

flow around windbreak without being affected by the boundary conditions 

imposed at z = 30hb. The numerical domain used is shown in Fig. 4.6. 

 

Fig. 4.6. Numerical domain to simulate IDR/UPM wind tunnel experiment. 

 

The numerical mesh was also the same in all simulations. An irregular mesh 

is used; near the fence 0.015 m x 0.015 m (∆x/hb = 0.125; ∆x/hb = 0.125) and 



Numerical and experimental study of atmospheric flows and pollutant dispersion 
in urban environment 
 

 4.16 

the grid size (X-axis and Z-axis resolution) is increased farther away from it. The 

mesh close to the windbreak is shown in Fig. 4.7. The Cartesian grid size is 80 

x 30 cells (GRID 1).  

 

 

Fig. 4.7. Mesh close to the windbreak. 

 

 

4.6.2. Results and discussions 

The principal effect of a windbreak is to reduce wind velocity, which can be 

considered as composed of two components: average velocity and turbulent 

fluctuation. Some studies compare independently average and turbulent 

components (e.g. Packwood, 2000 founded better results in numerical 

simulations for mean velocity than for turbulence parameters). However, in this 

work the information of the shelter zone created in summarized in just one 

parameter defined as the peak velocity ratio: 

refref
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where, U(x,z) is mean velocity and σ(x,z)  is velocity standard deviation. The 

peak velocity is assumed to be U(x,z) + σ(x,z).  

This parameter takes into account both the mean value and the turbulent 

fluctuation. Subscript “ref” indicates reference values at z/hb=6.67 upstream 

from the fence. The peak velocity for disturbed flow is compared with that for 

undisturbed flow. Peak velocity ratio provides similar information than protection 

factor (1/ ),(1 zxRu ) introduced by Gandemer (1979) and it was also used by 

Frank and Ruck (2005) as pedestrian comfort parameter. 

A test of the cell size effect has been performed to check whether the grid 

resolution is influencing the model results. To do so a finer grid with 160 x 60 

cells (∆x/hb = 0.0625; ∆x/hb = 0.0625 near the fence) called GRID 2 and a 

coarser grid with 40 x 15 cells (∆x/hb = 0.25; ∆x/hb = 0.25 near to the fence) 

called GRID 3 were also used. Fig. 4.8 shows an example of peak velocity ratio 

),(1 zxRu  behind the solid fence obtained with the three grids at z/hb= 1 and 4 for 

Standard k-ε , RNG- k-ε  and Realizable k-ε. Small differences are observed for 

the finer grids (GRID 1 and 2). They are only significative (around 10% in its 

maximum values) in the case of Standard k-ε model. Therefore, results show 

that the spatial resolution of GRID 1 is enough to obtain correct grid-

independent simulations of air flows around a windbreak. 
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Fig. 4.8. Peak velocity ratio, )(1 zRu , at vertical positions z/hb = 1 and 4 behind a solid 

fence with height hb. x is distance to the fence; z is vertical position. GRID 1 is the 

mesh with 80 x 30 cells, GRID 2 with 160 x 60 cells and GRID 3 with 40 x 15 cells. 
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In Fig. 4.9-4.14 the peak velocity ratio profile, obtained from wind tunnel 

measurements and from numerical simulations, is shown downstream of fences 

with different porosity (φ = 0 (solid fence), 0.1, 0.24, 0.35, 0.4, 0.5).  This 

evaluation of the different turbulent closure model performances (Standard k-ε, 

RNG- k-ε  and Realizable k-ε) is based on the comparison among computed 

peak velocity ratio and wind tunnel data. So called “verification” of the models is 

carried out by using the following statistical performance parameters: root mean 

square error (RMS), fractional bias (FB) and correlation coefficient (R). 

Definitions has been obtained from Wilks (1995) and Hanna et al.(1991): 
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where N is the number of data points, EXPuR1  and COMuR1  are observed and 

predicted values, respectively, whereas EXPuR1  and COMuR1  are the respective 

mean value. RMS shows the dispersion between computed and experimental 

results. Negative or positive FB gives information about over- or under-

estimation of models, respectively. Finally, correlation among simulation and 

wind tunnel experiment data are determined by R. 
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Fig. 4.9. Peak velocity ratio, )(1 zRu , at several vertical positions (z/hb = 0.25, 0.5, 0.75, 

1, 4) behind a solid fence with height hb. x is distance to fence; z is vertical position; φ is 

porosity. Experimental measurements and numerical results with Standard k-ε , RNG- 

k-ε   and Realizable k-ε  turbulence closure. 
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Fig. 4.10. Same as Fig. 4.9 but for porosity φ = 0.1. 
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Fig. 4.11. Same as Fig. 4.9 but for porosity φ = 0.24. 

 



Chapter 4. 2D simulation and experimental study of wind flow behind 
windbreaks 
 

 4.23 

 

 

Fig. 4.12. Same as Fig. 4.9 but for porosity φ = 0.35. 
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Fig. 4.13. Same as Fig. 4.9 but for porosity φ = 0.4. 
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Fig. 4.14. Same as Fig. 4.9 but for porosity φ = 0.5. 
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Concerning the determination, among the values of porosity considered of 

the porosity whose value provides the largest shelter zone behind the fence, 

experimental measurements are analysed at heights less than hb (z/hb < 1). 

In the solid fence case (φ = 0), ),(1 zxRu values are between 0.15 and 0.3 

near the fence (x/hb < 4) and are almost constant and close to 0.4 from x/hb = 4 

to x/hb = 10. The solid fence provides a sheltered zone very close to it but its 

protection at larger distances is not so good due to the re-circulating bubble that 

appears behind the fence. A larger protection distance is given by the porous 

fence with φ = 0.1. ),(1 zxRu values are between 0.15 and 0.3 in the range of x/hb 

< 5 and are almost constant (close to 0.4) from x/hb = 6 to x/hb = 10. A re-

circulating flow region appears in the leeward side of the barrier. In the case of 

porosity φ = 0.24, )(1 zRu  has values between 0.1-0.3 when distance to the 

barrier is in the range 0.5 < x/hb < 10. Re-attachment point seems to be moved 

downstream by the effect of the flow passing through the  barrier. This porous 

fence provides a better shelter at larger distances than barriers with less 

porosity. When fence porosity is φ = 0.35, ),(1 zxRu  has experimental values 

between 0.1-0.4 for distances from the barrier in the range 0.5 < x/hb < 5. In 

addition, at z/hb = 0.5 and 0.25, ),(1 zxRu has values lower than 0.3 for x/hb >2, 

producing a better protection for larger distances than the previous cases 

(fences with less porosity). Moreover, for x/hb > 6, the shelter effect decreases 

(higher values of ),(1 zxRu ) as z/hb increases. In this case and for fences with 

higher porosity, a no re-circulating region exists. However, in higher porosity 
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cases the shelter effect is not so effective. For porosity φ = 0.4 or larger, 

protection far from the fence is better than close to it. But, this protection is not 

as good as the shelter provided by the previous case (φ = 0.35), ),(1 zxRu  has 

values between 0.2-0.3 for z/hb = 0.25 and 0.5. In addition, worse protection for 

large distance (higher values of ),(1 zxRu ) is also detected when z/hb increases. 

Finally, the fence with porosity φ = 0.5 seems to have a similar behaviour than φ 

= 0.4 case, but with higher values of ),(1 zxRu (0.6-0.3 for z/hb = 0.25 and 0.5). In 

conclusion, a porosity φ = 0.35 seems to be the best value to provide an 

effective shelter effect in these conditions with a flat streamwise velocity profile 

(roughness length ∼ 0), even at large distance. In addition, at short and 

intermediate distances, similar shelter effect is observed to that produced by a 

fence with less porosity. For example, a fence with a similar value of porosity 

(0.3) was found to be useful for reducing the wind speed without the formation 

of a re-circulating bubble behind the fence by Park and Lee (2002) in an open 

storage of coal piles. 

Concerning the evaluation of the turbulence closure models, statistical 

performance parameters (equations 4.9-4.11) at 1/ ≤bhz  (region of interest) are 

calculated and analysed and its values are shown in Table 4.1. In general, RNG 

k-ε and Realizable k-ε turbulence models are in good agreement with 

experimental measurements, although ),(1 zxRu  values at 1/ ≤bhz  are, overall, 

slightly underestimated. Not so good results are provided by Standard k-ε which 

overestimates ),(1 zxRu  values indicated by a negative values of FB. Standard k-
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ε provides, overall, the highest values of RMS and poor correlations. RNG- k-ε  

turbulence model provides better results. R values are the best values obtained 

(close to 1) in comparison to the other two models. However, FB computed 

have rather large positive values indicating an underprediction. In addition, RMS 

obtained are, in general, good but it have slightly larger values than Realizable 

k-ε  results. The best RMS and FB data are, overall, provided by Realizable k-ε, 

however a slightly tendency of underestimation have been observed (but less 

than in the case of the RNG k-ε model). R results are less than values obtained 

with RNG k-ε, nevertheless these values can be considered acceptable. In 

conclusion, Realizable k-ε seems to obtain the best fit with measurements 

among the three turbulence closure considered in these cases. Although 

correlation  coefficient is not the best, RMS and FB values indicate a better fit 

between computed data and experimental results. However the differences with 

the other model results are not so large, specially, with RNG k-ε. 

 

 
Standard 

k-ε  
RNG 
k-ε  

Realizable 
k-ε  

 RMS FB R RMS FB R RMS FB R 
φ = 0 0.087 0.122 0.456 0.119 0.343 0.750 0.120 0.357 0.795 
φ = 0.1 0.092 -0.091 0.358 0.098 0.366 0.878 0.080 0.173 0.664 
φ = 0.24 0.119 -0.307 0.704 0.077 0.352 0.815 0.063 0.083 0.779 
φ = 0.35 0.169 -0.479 0.594 0.027 0.062 0.949 0.067 -0.156 0.541 
φ = 0.4 0.139 -0.232 0.479 0.079 0.244 0.927 0.069 0.053 0.776 
φ = 0.5 0.098 -0.081 0.619 0.101 0.242 0.913 0.076 0.128 0.827 

 

Table 4.1. Root mean square error (RMS), fractional bias (FB) and correlation 

coefficient (R) computed for three turbulence models (Standard k-ε, RNG- k-ε  and 

Realizable k-ε) at 1/ ≤bhz  for each porosity. 
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4.7. Conclusions 

The flow around a windbreak located on a flat surface (roughness length 

almost 0) has been investigated by numerical and experimental studies. The 

shelter effect produced by an isolated porous fence has been analysed in terms 

of the peak velocity parameter ( ),(1 zxRu ), focusing this study on the porosity that 

produces a larger protection region. ),(1 zxRu  compares a combination of mean 

velocity and turbulence (peak velocity) behind the windbreak (disturbed zone) 

with the reference “peak velocity”, measured upstream from the barrier 

(undisturbed zone). 

The best windbreak porosity for an efficient downwind shelter in these 

conditions is φ = 0.35 as confirmed by the experimental and numerical 

experiments. It provides the best shelter at large distance and, in short and 

intermediate distances, it produces a similar protection to a fence with less 

porosity. The barriers studied with less porosity seem to present a re-circulating 

flow region downstream of the fence. Therefore, the windbreak recommended 

to protect piles of materials stored in an open location in harbours is a porous 

fence with porosity close to 0.35 because of the reduced peak velocity ratio 

value at large distance downstream from the fence. Other studies with higher z0 

recommends a similar porosity values (Park and Lee, 2002), therefore the 

roughness length seems not to have a significative effect on the conclusions 

drawn in this paper. 

After the comparison of the results of the three turbulence models against 

experimental measurements, Realizable k-ε  turbulence closure model results 
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show the best agreement. However, the differences with the other turbulent 

closure models considered are not very large, specifically concerning the 

experimental results of Bradley and Mulhearn (1983). Larger differences are 

found when the data from the wind tunnel experiments carried out in IDR/UPM, 

E.T.S.I. Aeronáuticos, Universidad Politécnica de Madrid, were considered, 

probably because a smaller area of study is considered (x/hb < 10) and more 

points in this region are compared.  RNG k-ε provides similar results to 

Realizable k-ε in all cases but both slightly underestimate )(1 zRu values. 



 

5.1 

CHAPTER 5  
 

2D SIMULATION OF POLLUTANT DISPERSION INSIDE 

STREET CANYONS USING A NEW LAGRANGIAN 

PARTICLE MODEL, SLP-2D 

 

 

5.1. Introduction 

For several decades, traffic emissions in streets produce high levels of 

atmospheric pollution giving rise an important problem of air quality in many 

cities. The previous chapters were focused on air flow simulations over 2D 

geometries. In this one pollutant dispersion is also analysed inside street 

canyons. Air pollutant concentration can be computed by two types of models: 

Eulerian models and Lagragian models. A new Lagrangian model was 

developed and used to simulate atmospheric pollutant dispersion inside 2D 

street canyons. 

To calculate air pollutant concentration, Lagrangian particle model is 

coupled to a flow model as CFDs (Computational Fluid Dynamics) (Borrego et 

al., 2003). Lagrangian particle models calculate pollutant concentration by 

means of a large number of particles released in atmospheric flow. Each 

particle follows an independent trajectory each time step, its motion is described 

by a deterministic component obtained of the wind field and a stochastic 

component related to the local turbulence. This type of models has been 
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already used for micro scale or street canyon dispersion (Borrego et al., 2003 ; 

Lee and Näslund, 1998 ; Leuzzi and Monti, 1998 ; Xia and Leung, 2001a). 

The objective of this chapter is to develop and to evaluate the performance 

of the lagrangian particle model in two dimensions (SLP-2D). Two different 

types of validation exercises have been carried out simulating a wind tunnel 

experiment (Meroney et al., 1996) and real street canyons (Hornsgatan street 

from Stockholm and Frankfurter Alee from Berlin). Turbulence produced by 

traffic has been taken into account to simulate pollutant dispersion in real street 

canyons. In addition, processes of pollutant deposition have also considered 

(Santiago and Martin, 2005b; Santiago and Martin, 2006). The objective of the 

wind tunnel case simulation is to assess the performance of the model in less 

complex situation with more controlled conditions. However, real street canyon 

simulations are needed to verify the turbulence produced by traffic and 

deposition modules. 

 

 

5.2. Methodology 

SLP-2D (“street lagrangian particles) is a lagrangian particle model in two 

dimensions developed as a part of this Thesis. Pollution is simulated by means 

of a large number of particles released in atmospheric flow and traffic emissions 

are employed to assign mass corresponding to each particle. Particles are 

moved in each time step by a deterministic term obtained of wind flow (u ) and a 

stochastic term related to local turbulence ( 'u ). Therefore, the expressions used 

to calculate particle displacements are the following: 
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'uuu += ,          (5.1) 

))(')(()()( tututtxttx +∆+=∆+ ,       (5.2) 

The main difficulty of these models is to calculate stochastic component. 'u  

is computed assuming that its values is a combination of two terms. One of 

them is related to  'u  value of the same particle in the previous time step and 

the second term ( ''u ) is a purely random velocity (Zannetti, 1990) (equation 

5.3). 

'')(')()(' ututRttu +∆=∆+ ,        (5.3)  

where )( tR ∆ is a vector containing autocorrelations and the term )(')( tutR ∆  

means the effect of fluctuation velocity at time t on fluctuation velocity in the 

next time step t+∆t. 

''u   is calculated assuming that it is a random vector whose components are 

normally distributed with zero mean and standard deviations can be expressed 

(Zannetti, 1990; Xia and Leung, 2001a) as follows, 

 2/12
''' ))(1( tRuu ∆−= σσ         (5.4) 

where 'uσ  is the standard deviations of components 'u  and it is computed using 

turbulent kinetic energy (k) field provided by the CFD model. It is assumed that 

'uσ  is proportional to k1/2. Following Hanna (1982) )( tR ∆  is expressed as an 

exponential function depending on time step and Lagrangian time scale, 

R(∆t)=exp(-∆t/TL )         (5.5) 

In addition, Lagrangian time scale is related to time step by ∆t=0.1TL as 

proposed by Uliasz (1994) and Xia and Leung (2001a). 
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In real street canyons simulations, dry deposition for particles must be taken 

into account. SLP-2D computes dry deposition by means of a dynamic mass of 

each particle to account deposition mass. Dry deposition velocity (Vd) 

calculation for particles is based on Zhang et al. (2001). Vd can be expressed 

as, 

)(
1

sa
gd RR

VV
+

+=          (5.6) 

where, 

Vg is the gravitational settling. 

Ra is the aerodynamic resistance. 

Rs is the surface resistance. 

The aerodynamics resistance represents the resistance put up by 

atmospheric turbulence canopy to pollutant transport. In SLP-2D, velocity and 

turbulence fields are solved very close to obstacles by CFD simulation and 

particle trajectories computed by SLP-2D use these results. Therefore, particle 

motion equations solve directly the aerodynamics resistance. The surface 

resistance and the gravitational settling are computed following Zhang et al. 

(2001).  

The gravitational settling is computed as 

µ

ρ

18

gCd
V pp

g =          

 (5.7) 

where, 

ρp is the density of the particle. 
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dp is the diameter of the particle. 

 g is the acceleration of gravity. 

µ is the viscosity coefficient of air. 

C is the correction factor for small particles (Cunninghan factor) defined as 

follow, 

)4.0257.1(
2

1 /55.0 λλ pd

p

e
d

C −++=        (5.8) 

λ is the mean free path of air molecules and is computed as a function of 

temperature, pressure and kinematics viscosity of the air. The value used is (λ = 

6.53 ⋅10-8 m) 

Concerning Rs, it depends on collection efficiency of the surface from 

Brownian diffusion, impaction and interception. In this way Rs is parameterised 

as, 

10 )(
1

REEEu
R

INIMB
b ++

=
∗ε

       (5.9) 

where, 

ε0 is empirical constant equals to 3 for all land use categories. 

∗u is friction velocity. 

EB is collection efficiency from Brownian diffusion. 

EIM is collection efficiency from impaction. 

EIN is collection efficiency from interception. 

R1 is the correction factor representing the fraction of particles that stick the 

surface. 

Impaction occurs when a particle collides with a collecting surface, while 

interception considers that the collision also occurs when the particle’s center of 
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gravity does not collide but the distance between its path and the collector 

surface is less than the particle’s radius. An example can be observed in Figure 

5.1 (Heinsohn and Kabel, 1999) where sphere-on-sphere, single particle 

collection efficiency including impaction and interception is shown. 

 

 

Figure 5.1. Sphere-on-sphere, single particle collection efficiency including both 

impaction and interception (Heinsohn and Kabel, 1999). 

 

The collection efficiency from Brownian diffusion depends on Schmidt 

number (Sc) and is compute by means of the following expression, 
γ−= ScBE           (5.10) 

where, 

γ is Constant whose value ranges from 0.5 to 0.7 depends on land uses. For 

SLP-2D, it is taken the value corresponding to urban environment (0.56) (Zhang 

et al., 2001). 

Sc is Schmidt number and  it is the ratio between kinematics viscosity of the air 

(ν) and Brownian diffusion of the particle (D). 



Chapter 5. 2D simulations of pollutant dispersion inside street canyons using a 
new lagrangian particle model, SLP-2D 
 

 5.7 

D
Sc

ν
=            (5.11) 

Brownian diffusion is given by, 

p

b

d
TCk

D
πµ3

=            (5.12) 

where, 

kb is Boltzmann constant. 

T is environment temperature. 

C is the correction factor of Cunninghan. 

µ is air viscosity. 

dp is particle diameter. 

The impaction efficiency (EIM) are computed using the expression proposed 

by Peters and Eiden (1992).This term depend on Stokes number and is 

compute as follow 
β

α








+
=

St
St

EIM              (5.13) 

where, 

β is constant equals to 2. 

α is constant depending of land use. For SLP-2D model,  α = 1.5 the value 

corresponding to urban environment following Zhang et al. (2001). 

St is Stokes number. It is calculated by the next expression: 

g

uV
St g

ν

2
∗=            (5.14) 

Concerning the collection efficiency from interception (EIN), it is computed as 

follow,  
2

2
1









=

A

d
E p

IN           (5.15) 

where, 

A is characteristic radius. For SLP-2D a value of A = 0.01m is taken, this value 

corresponds to urban environment (Zhang et al., 2001). 
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 The total collection efficiency is modified by the factor R1. This factor 

represents the fraction of particles that stick to a surface. For particles whose 

diameter is < 5µm, R1 =1 and when its diameter si >  5 µm R1 is computed as 

(Slinn, 1982): 

)exp( 2/1
1 StR −=           (5.16) 

The deposited pollutant mass is calculated by using deposition velocity. In 

SLP-2D a dynamic mass is used. Hence the mass of each particle is computed 

by means of this expression, 








 ∆
−=

d

oldnew

T
t

MM exp)()(          (5.17) 

where, 

M(new) is particle mass after that deposition. 

M(old) is particle mass before deposition. 

∆t is time step. 

Td is time scale of dry deposition. It is computed by, 

d
d V

z
T

∆
=            (5.18) 

where, 

∆z is reference height of deposition process. 

Vd is deposition velocity. 
In addition, SLP-2D applied to real street canyons takes into account 

turbulence produced by traffic. The interaction between atmospheric flow and 

urban elements produces a complex flow pattern, but the interaction with 

vehicles is a special case, they move within the canopy producing an extra 

turbulence inside street canyons (Gidhagen et al., 2004). It is modelled by 

considering vehicles as moving elements that perturb the wind flow creating 

additional turbulence in the air. Following Berkowicz et al. (1997) and Gidhagen 

et al. (2004), 
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WaNNVaNNVb tttppp /)(0 +=σ        (5.19) 

where b is a constant related to drag coefficient and its value is 0.3 (Berkowicz 

et al., 1997), W is the street width (a length scale of the canyon) and Vp, NNp, ap 

and Vt, NNt, at are the speed, the number and cross-sectional area of the light 

duty vehicles and trucks, respectively (ap = 2 m2 and at = 16 m2). 

SLP-2D uses σ0 as maximum value of turbulence produced by traffic and it 

is located at traffic lanes, but to compute particle trajectories a distribution of σ 

is considered (σ(x,y)). σ(x,y) is expressed by considering its maximum values at 

traffic lanes and decreasing further from them. It is calculated as follows, 
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where i indicates traffic lanes and λx , λy are model constants related to the 

decreasing of  σ(x,y) inside the canyon. 

SLP-2D needs input data such as canyon geometry, emissions, traffic data 

and wind flow features. Wind flow patterns (velocity, u and v, and turbulent 

kinetic energy fields, k) are computed by FLUENT CFD version 6.2 (FLUENT 

Inc., 2000). The CFD simulations are based on RANS equations with RNG k-ε 

turbulence model. The resolution of governing equations is made by means of a 

collocated grid system using the finite volume method. The segregated method 

is employed to solve discretised equations and the algorithm used to solve 

pressure-velocity coupling is SIMPLE (Semi-Implicit Method for Pressure-

Linked Equations) (Patankar, 1980). The advection-differencing scheme applied 

was the second-order upwind scheme. More details about air flow simulation 
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with CFD can be seen in the previous chapters, especially in chapter 3 where 

the air flow simulations were carried out inside street canyons with the same 

model. 

 

 

5.3. Simulation of a wind tunnel experiment (Meroney et al., 1996) 

Dispersion within a street canyon in different cases was analysed by 

Meroney et al. (1996). In this chapter, the study has been focused on urban 

roughness case. Urban roughness was created locating additional buildings 

upstream and downstream of the street canyon analysed. The street canyon 

configuration studied was W/H=1 where W is the street width and H is the 

canyon height and inflow velocity was set at 2 m s-1. The canyon dimensions 

are 0.06 m x 0.06 m and the location of measurements points is shown in Fig. 

5.2. In this case, the gas released in wind tunnel experiment to study dispersion 

(a mixture of air and ethane) has a deposition velocity negligible, and therefore 

the SLP-2D deposition module was not used. 

Numerical simulation in this chapter is divided into two steps. In the first part, 

wind flow was simulated by FLUENT CFD using similar conditions than that 

used by Meroney et al. (1996). Numerical domain consists of a six identical 

street canyons being the target canyon the third one. An irregular grid was used 

with a X and Z grid resolution equals to 0.0001m close to wall buildings and 

increasing farther away from them. Grid inside the target canyon is shown in 

Fig. 5.3. In the second step of simulation, SLP-2D was applied to compute 

pollutant concentration. The pollutant source was located at ground in the 
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center of the target canyon. Wind velocity and turbulence kinetic energy fields 

from CFD simulation and canyon geometry have been used as input data. A 

small time step (∆t = 0.001 s) was employed and a large time interval (T = 100 

s) was simulated. Each time step 5 particles (total number of particle released is 

500000) were released from source. 

 

Fig. 5.2. Configuration of street canyons and location of measurement points. 

 

Wind flow simulation shows the formation of a clockwise rotating vortex 

inside the target street canyon similar to those shown in chapter 3 for the 

symmetric configuration with W/H = 1. Following this flow pattern, maximum of 

pollutant concentration must be at leeward zone of the canyon, result obtained 

using SLP-2D. For an easier comparison between experimental and computed 

results, the concentration in each measurement point has been normalized to 

the concentration in point number 7. Thus, normalized concentration is 

concentration divided by concentration in point 7. Similar normalization was 

made by Xia and Leung (2001b) in a model comparison with the same dataset. 

Comparison between experimental and computed normalized concentration is 
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depicted in Fig. 5.4. Overall, a good agreement is obtained. Only in location 

number 4, noticeable differences appear between measurements and 

simulation results. The point number 4 is located at the top of leeward wall of 

the street canyon. And the difference between measurements and computed 

results seems to be due to the flow carries the most part of particles in 

streamwise direction (following the vortex) at a height less that the 

corresponding one in the experiment, and hence the number of particle 

computed to reach location 4 is also less than the experimental data. This fact 

can produce that the model underpredicts the concentration at this location. 

This point is located in upper zone of street canyon leeward wall, and here the 

computed concentration shows a lower value than experimental measurement. 

In addition, a linear regression and three statistical parameters similar to that 

used in chapter 4 have been computed by comparing between SLP-2D results 

and Meroney et al. (1996) wind tunnel measurements to have a more detailed 

evaluation. 

 

Fig. 5.3. Mesh detail inside street canyon studied. 
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Concerning statistical parameters, in this case, normalised mean square 

error (NMSE) is used instead root mean square error (RMS). Fractional bias 

(FB) and correlation coefficient (R) are defined in equations 4.10 and 4.11, and 

NMSE is expressed as follows, 

∑
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where n is the number of points, the iO  and iP are the measurements and the 

computed value at each point, respectively (Hanna et al., 1991; Wilks, 1995). 

 

Fig. 5.4. Comparison between experimental measurements and SLP-2D results. 

 

A linear relationship with a notably good correlation (R = 0.93) is obtained 

(Fig. 5.5), in addition, NMSE= 0.076 and FB=0.2 indicating a notably quality of 
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simulation results with a light underestimation. Therefore, the combination of 

FLUENT CFD and Lagrangian particle model SLP-2D seems to be suitable for 

simulating pollutant dispersion in street canyons. In the next Section the model 

testing is further developed to obtain more information about model 

performance, in this case in real street canyons. 

 

Figure 5.5. Linear fit between experimental measurements and SLP-2D results. 

 

 

5.4. Simulation of real street canyons 

Two street canyons cases were studied: Hornsgatan (Stockholm) and 

Frankfurter Allee (Berlin). These simulations were carried out within the Street 

Emissions Ceiling (SEC) intercomparison model (URL1, see bibliography) of the 

EEA’s European Topic Centre on Air and Climate Change (ETC/ACC) 2004 
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workprogramme. The aim of SEC was to study specific hotspots and quantify 

the influence of local and urban emissions and other smaller scale effects on 

concentrations and exceedances. Different types of simulations were made 

using different models: average daily simulations for a whole year and one day 

or one hour simulation. In this case, our simulations have a time period 

simulated of one day due to SLP-2D characteristics which did not allow longer 

simulations due to large computational load. Street level concentration of PM2.5 

for Stockholm and PM10 and CO for Berlin was computed. 

 

5.4.1. The Stockholm case 

The simulations were located at Hornsgatan street. It is 24 m wide and it has 

buildings of 24 m height at both sides of the street being the aspect ratio W /H = 

1. The street axis makes an approximate angle with North of 66 degrees. The 

road length is 160 m and there are four traffic lanes. Monitoring station at both 

side of street measures hourly street level concentration of NOx, NO2 and PM2.5. 

However, only PM2.5 concentration was simulated using the north side station 

for the comparison (Fig. 5.6). A very detailed description of the site was also 

presented in Gidghagen et al. (2004). The selected day for simulations is 

27/11/2000. Wind flow simulations made by CFD model needs meteorological 

data as input data (global radiation, wind speed and direction). Wind speed and 

direction were measured at a monitoring station located at building roof close to 

Hornsgatan, and temperature and global radiation at Torkel monitoring station 

further from Hornsgatan. Atmospheric stability was calculated with these data to 

use more accurate inflow profiles in the model. In addition, the only situations 
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simulated were those where wind flow was near perpendicular to street, but in 

the selected day the most of hours fulfil this condition. Numerical domain is 

shown in Fig. 5.7. An irregular grid was used with a resolution of 0.5 m x 0.5 m 

inside the street canyon and increasing further from it. In all cases one vortex 

inside the canyon is detected whose intensity depends on inflow profile. This 

fact is in agreement with the flow patterns observed in other investigations (Sini 

et al., 1996 ; Assimakopoulos et al., 2003; Santiago and Martin, 2005). 

 

Fig. 5.6. Street level and roof monitoring stations in Hornsgatan (N): North, (S): South 

and (R): Roof. Only the north one for comparison. 

 

SLP-2D input data are street canyon geometry, wind flow patterns provided 

by CFD simulations and traffic and emission data. The hourly traffic data, 

obtained from Norwegian Institute for Air Research (NILU) for SEC exercise, 

includes total number of vehicles, HDV percentage and vehicle speed whose 

average were calculated by Laboratory of Heat Transfer and Environmental 
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Engineering, Aristotle University Thessaloniki (AUT/LHTEE) for SEC. Average 

hourly emissions for PM2.5 were computed using COPERT 3 methodology by 

Laboratory of Applied Thermodynamics, Aristotle University Thessaloniki 

(AUT/LAT). In addition, background concentration of PM2.5 is also needed to 

calculate total pollutant concentration inside street canyon. It was provided from 

a roof close to Hornsgatan. The street data and also roof top data are from the 

air quality monitoring network of the Environment and Health Protection 

Administration of Stockholm. The time step used is ∆t = 1 s and each time step 

100 particles are released from the sources (traffic lanes). 

 

 

 

Fig. 5.7. Numerical domain and grid of Stockholm case. 
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An example of concentration pattern in this type of configuration is shown in 

Fig. 5.8. This results was calculated by SLP-2D and it is observed as the 

maximum of concentration is located at the leeward wall. Fig. 5.9 and 5.10 

show the results of PM2.5 concentration measured and computed and ∆C (total 

concentration - background), respectively. Model results follow the hourly 

pattern of observation being very close to the measured data. Highest 

differences are obtained from hour 13 to 17, however the most of models in 

SEC intercomparison exercise also fails at these hours (See URL1 in 

bibliography). This fact can be related to an error in the emission data or in the 

wind data at this hour. The correlation coefficient is high (0.9) and NMSE and 

FB are 0.04 and –0.02 respectively for total concentration. 

 

 

Fig. 5.8. PM2.5 concentration calculated by SLP-2D for hour 10 at Hornsgatan street. 
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Fig. 5.9. Concentration for PM2.5 average hourly variation at street level in Hornsgatan 

street (Stockholm) for day  27/11/2000 compared to concentration observed. 

 

Fig. 5.10. Same as Fig. 5.7 but for ∆C (concentration - background). 
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5.4.2. The Berlin case 

Frankfurter Allee was the street canyon studied in Berlin. The buildings at 

both sides of the street are 21 m height and the street width is 41.6 m. There 

are 6 traffic lanes. While the four inner lanes are used by traffic, the two 

kerbside lanes are occupied by parking vehicles for most of the time. These 

data were obtained by NILU for SEC exercise. The street axis makes an 

approximate angle with North of 98 degrees. In this case, the pollutants 

concentration monitored at street levels were CO, NOx, NO2, and PM10, but only 

CO and PM10 were simulated during the day 3/7/2002. Input data for wind flow 

simulation were deduced from hourly meteorological variables. Wind speed and 

direction measured at station DEBE043 and global radiation Berlin-Dahlem 

WMO-station. They are located at roof level 9 km away from Frankfurter Allee 

and 14 km SW-bound of Frankfurter Allee, respectively. However it is still 

representative given the flat terrain in Berlin. All these data were obtained from 

the Senate Department of Urban Development in Berlin. As in the previous 

case, atmospheric stability was computed to calculate inflow profile used in the 

model. The Berlin case numerical domain was similar than that used in the 

Stockholm case by changing geometrical dimensions. The grid was also similar 

than those used in previous cases. At these conditions, one main vortex in the 

street is obtained according to Sini et al. (1996) flow patterns classification. 

In this case traffic data provided by SEC team were the average hourly 

number of vehicles per hour with a fixed daily HDV percentage (4.8%) and 

average hourly vehicle speed. Average hourly traffic emissions for CO and 

PM2.5 computed by AUT/LAT have been used. Background concentrations for 



Chapter 5. 2D simulations of pollutant dispersion inside street canyons using a 
new lagrangian particle model, SLP-2D 
 

 5.21 

CO and PM10 were measured at Neukölln, Nansenstrasse, 3.7 km away from 

Frankfurter Allee, it is the closest background station from the street. The time 

step used is ∆t = 1 s and each time step 100 particles are released from the 

sources (traffic lanes). 

Results for PM10 are presented in Fig. 5.11 and 5.12, while for CO 

concentration are shown in Fig. 5.13 and 5.14. For PM10 concentration, SLP-2D 

results underestimate measured data. However, this tendency is observed in all 

models participating in SEC exercise (see URL1 in bibliography) and the reason 

of this behaviour seems to be related to emission input data. Traffic emission 

(exhaust) data of PM2.5 were calculated for SEC exercise, but PM2.5 background 

and street level concentration were not available. Thus, model calculations are 

made supposing that PM2.5 and PM10 emissions are the same, but it is not 

considered the contribution of non-exhaust emissions and other PM10 

emissions. This fact generate a low correlation factor (0.5), a positive value of 

BIAS (FB=0.38) and a value of NMSE=0.25. Better agreement has been found 

for CO concentration with a correlation factor of 0.6 (without data at hour 

number 24, where wind speed is small and wind direction is not perpendicular 

with the street, correlation factor increase to 0.7). Only in last hours of the day, 

when wind velocity is small, the model concentration overestimates measured 

data. Thus, the values of NMSE and FB are 0.21 and –0.32 respectively for CO. 
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Fig. 5.11. Same as Fig. 5.7 but for PM10 in Frankfurter Allee (Berlin) (day: 3/7/2002). 

 

Fig. 5.12. Same as Fig. 5.8 but for PM10 in Frankfurter Allee (Berlin) (day: 3/7/2002). 
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Fig. 5.13. Same as Fig. 5.7 but for CO in Frankfurter Allee (Berlin) (day: 3/7/2002). 

 

Fig. 5.14. Same as Fig. 5.8 but for CO in Frankfurter Allee (Berlin) (day: 3/7/2002). 
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5.5. Conclusions 

Overall, the SLP-2D model results have been very close to the measured 

data, especially for the wind tunnel case. In this case the conditions are more 

controlled and then the simulations can be more accurate. Computed results for 

real cases (Stockholm and Berlin cases) show the difficulty of the use realistic 

input data and the uncertainty that introduce in the model results when street 

level pollutant concentration is simulated. However, the agreement between 

measurements and computed data is fairly good, especially for PM2.5 in the 

Stockholm case and it seems to foresee better model results with more 

complete and reliable datasets available. Therefore, in an overall analysis of the 

SLP-2D model performance, we can conclude that it reproduces quite well 

pollutant concentration inside street canyons. Only in the concentration of PM10 

of Frankfuter Allee the concentration are underestimated by the model, but, as 

commented above, all models have the same tendency using the same input 

data. This fact seems to be due to an error in the emission factors of PM10.  



 

6.1 

CHAPTER 6  
 

3D SIMULATION OF AIR FLOW OVER A REGULAR 

ARRAY OF CUBES AND VALIDATION WITH WIND 

TUNNEL MEASUREMENTS 

 

 

6.1. Introduction 

Understanding the physical mechanisms responsible for pollutant dispersion 

in urban areas is essential to link the variation (in space and time) of the 

emissions to the pollutant concentration in a specific location, particularly in the 

case of a sudden release of toxic gases. To gain more understanding on 

atmosphere circulation in urban canopy, a large number of investigations are 

being carried out by means of wind tunnel experiments (Brown et al., 2001; 

Gerdes and Olivari,1999; Kastner-Klein and Plate, 1999; Meroney et al., 1996 

or Pascheke et al., 2005), numerical simulation (Assimakopoulos et al., 2003; 

Chan et al., 2003; Sini et al. 1996 or Baik and Kim, 1999) or field measurements 

(Vachon et al., 2001), as commented in the other chapters. Airflow patterns 

inside the urban canopy are important to understand pollutant dispersion. 

Interaction between the atmospheric flow and obstacles such as vehicles, trees 

or buildings with different shapes, sizes and arrangements, produces airflow 

patterns with complex structures (reattachments, recirculation zones, strong 

gradients of velocity) inside the canopy. The investigations presented in the 
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previous chapters of the Thesis were carried out over two-dimensional 

geometries. In the following chapters three-dimensional geometries were 

considered to analyse in detail both the complex flow pattern over the cubes 

representing buildings and the differences with 2D cases. 

Computational fluid dynamics (CFD) models are also used to carry out 

micro-scale simulations of airflow behaviour inside the urban canopy. These 

models play an important role in urban meteorology and environmental 

assessment. However, a rigorous evaluation procedure must be pursued to 

ensure the quality of the model results. Once a CFD simulation is validated, 

model results can then be used to improve our understanding of wind flow 

within the urban canopy, and also to derive useful parameters for urban meso-

scale model parameterisations. 

In this chapter, wind flow inside and above a 3D array of cubes are 

considered by using RANS simulations together with Standard k-ε turbulence 

model. The simulated atmospheric flow is compared with wind tunnel 

measurements carried out by Brown et al., (2001). Two main objectives are 

pursued in this chapter: 

1) to check the performance of the model validated against wind tunnel 

data. 

2) to describe and explain flow structures inside the array.  

The simulation and experimental set up is presented in Section 6.2. A thorough 

evaluation of numerical results is made using a validation technique presented 

by Schlünzen et al.  (2004) based on a hit rate calculated for each variable. In 

Section 6.3.1, three statistical parameters are used to analyse computed 
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results, namely, normalised mean square error (NMSE), fractional BIAS (FB) 

and correlation coefficient (R), as defined in chapter 4 and 5. In the Section 

6.3.2, individual vertical profiles recorded at different locations of the simulation 

canopy are compared to model results. After this necessary validation, 

numerical results are analysed in order to gain insight into the three dimensional 

structure of the flow and passive tracer dispersion (see Section 6.3.3) (Santiago 

et al., 2006a; Santiago et al., 2006c).  

 

 

6.2. Case description 

 

6.2.1. Geometrical description 

The configuration studied is formed by a three dimensional array of cubes. 

The dimensions of the array are 7 cubes in streamwise direction (X axis) and 11 

in spanwise direction (Y axis). Cube edge length is H = 0.15 m. The face to face 

spacing in both the streamwise direction and the spanwise direction is also 

equals to H. The origin of the Cartesian coordinate system used is located at 

the intersection of the X/H = 0, Y/H = 0 and Z/H = 0 planes which are placed at 

the upstream face of the first row of cubes in streamwise direction, in the middle 

of array in spanwise direction (in the center of the 6 th cubes in this direction) and 

on the ground, respectively (see Fig. 6.1). 
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Fig. 6.1. Geometrical configuration: a) X-Y view at plane Z/H = 0. b) X-Z view at plane 

Y/H = 0 with a scheme of x-locations where vertical profiles are studied. A:X/H = -0.5; 

B:X/H = 0.5 ; C:X/H = 1.5; D:X/H = 2.5; E:X/H = 3.5; F:X/H = 4.5; G:X/H = 5.1; H:X/H = 

5.25; I:X/H = 5.5; J:X/H = 5.75; K:X/H = 5.9; L:X/H = 6.5; M:X/H = 7.5; N:X/H = 8.5; 

O:X/H = 9.5; P:X/H = 10.5; Q:X/H = 11.5; R:X/H = 12.5; S:X/H = 13.5. 



Chapter 6. 3D simulation of air flow over a regular array of cubes and validation 
with wind tunnel measurements 

 6.5 

6.2.2. Simulation set up 

The simulation is based on Reynolds-Averaged Navier Stokes equations 

(RANS) for steady state and the standard k-ε turbulence model. Here, the 

standard k-ε was used for two reasons: 1) the increase of CPU time with regard 

to the other k-ε models and 2) the study of Lien and Yee (2004) with two k-ε 

models in the same configuration showed very similar results for both 

turbulence models. The governing equations are solved by means of a 

collocated grid system using the finite volume method. The segregated method 

is used to solve the discretised equations. Pressure-velocity coupling is solved 

by means of Semi-Implicit Method for Pressure-Linked Equations algorithm 

(SIMPLE). It is based on an iterative process that includes a solution to a 

Pressure-Correction equation to ensure mass conservation. This algorithm is 

described in detail by Patankar (1980). The advection-differencing scheme 

applied is the quadratic upstream interpolation for convective kinetics (QUICK) 

scheme described by Leonard (1979). 

The simulation domain stretches from X/H = -5 to 28 in the streamwise 

direction and from Y/H = -1 to 1 in the spanwise direction. In the Y-direction only 

one cube was simulated (see Fig. 6.2), because symmetry was assumed at Y/H 

= -1 and Y/H = 1. This is equivalent to simulating an infinite array of cubes in the 

spanwise direction. In this way, less CPU time was spent, and high resolution 

can be kept in the region of interest. The domain top was situated at Z/H = 8. 

The distances between the cubic array and the domain’s boundary in the X and 

Z directions were chosen in order to minimize their impact on the solution (Lien 

and Yee, 2004). 
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Domain discretization was performed by means of a 202 x 44 x 40 Cartesian 

grid (X-direction x Y-direction x Z-direction). An irregular mesh was used in the 

vertical and streamwise directions. Inside the canyons, the grid size was 0.0125 

m in the X and Z directions. The X-grid resolution decreases farther away from 

the first row of cubes (upwind zone) and from the last row of cubes (downwind 

zone) by a constant factor of 1.1 and 1.05, respectively. The Z-grid size above 

cubes increases by a constant factor of 1.1 (Fig. 6.2). 

At the top of the domain a symmetric boundary condition was assumed. The 

symmetric condition establishes zero normal velocity and zero normal gradients 

of all variables at the symmetry plane, enforcing a flow parallel to the boundary. 

At the downstream limit of the domain an outflow boundary was considered. 

Solid boundaries (buildings and ground) were simulated by means of standard 

wall functions. At the inflow boundary wind tunnel measurements of velocity and 

turbulent kinetic energy were used. The ε profile (not measured) was calculated 

assuming that )/(2/34/3 zkC inin κε µ= , where kin is turbulent kinetic energy inflow and 

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

 

6.2.3. Wind tunnel experiment 

The experiment was carried out in the wind tunnel of the U.S. Environmental 

Protection Agency’s Fluid Modelling Facility and is described in detail by Brown 

et al. (2001). The configuration of the array has been described in Section 6.2.1. 

The wind tunnel test section is 18.3 m x 3.7 m x 2.1 m (length x width x height). 

A neutral boundary layer with depth of 1.8 m was created upwind of the array, 
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using a roughness length of 0.001 m. In the boundary layer the mean 

streamwise velocity inu  can be described by a power-law profile 

α











=

ref
refin z

z
uzu )( , and refu = 3 m s -1 is the mean streamwise velocity at zref = 

H. The exponent α is 0.16. Velocity time series were measured using a pulsed-

wire anemometer (PWA). The Reynolds number was approximately 3 x 104, 

based on building height (H) as the characteristic length scale and a velocity 

reference of 3 m s -1. This value is larger than the limit value required to ensure 

Reynolds independence (Hoydysh et al., 1974; Snyder, 1981; Meroney et al., 

1996). 

 

Fig. 6.2. Numerical domain and grid views: a) X-Z view at plane Y/H = 0 and b) X-Y 

view at plane Z/H = 0.  
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6.3. Results 

Data of several vertical profiles in the plane Y/H = 0 (center of canyon) are 

compared. Their locations are X/H = -0.5, 0.5, 1.5, 2.5, 3.5, 4.5, 5.1, 5.25, 5.5, 

5.75, 5.9, 6.5, 7.5, 8.5, 9.5, 10.5, 11.5, 12.5, 13.5, corresponding to cube and 

canyon centres (Fig. 6.1b). In addition, profiles situated H/2 upwind and H/2 

downwind of the array are also studied. Moreover, five profiles are taken in the 

third canyon, which is analysed more in detail. Mean streamwise velocity, mean 

vertical velocity and turbulent kinetic energy are studied. Results of mean 

spanwise velocity are not analysed because its value is very close to zero in the 

plane Y/H = 0. 

 

6.3.1. Statistical analysis 

In this section, model results and wind tunnel data were compared following 

the technique described by Schlünzen et al. (2004), Schlünzen et al. (2005) and 

also applied by Eichhorn (2004) and Grawe et al. (2004). In addition, 

normalised mean square error (NMSE), fractional BIAS (FB) and correlation 

coefficient (R) defined in chapters 4 and 5 were also computed. 

Following Schlünzen et al. (2004) a hit rate (q) for each variable is 

calculated: 
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where n is the total number of points compared, Oi and Pi are wind tunnel data 

and model results, respectively. RD and AD represent a relative deviation and 
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an absolute deviation of model results from reference data, respectively. 

Schlünzen et al. (2004) fixed at q > 66% the limit for validation. Taking into 

account the precision of wind tunnel data and uncertainties in the model-

observation comparison, a relative deviation of RD = 0.25 for all variables and 

an absolute deviation of AD = 0.15 m s-1 for mean streamwise velocity and 

mean vertical velocity and AD = 0.15 m2 s-2 for turbulent kinetic energy were 

used. These values are similar to those used by Grawe et al. (2004) and 

Eichhorn (2002) in their validation studies. 

 

6.3.1.1. Mean streamwise velocity 

Results of the technique outlined in Schlünzen et al. (2004) and described in 

previous paragraphs are shown in Table 6.1. A mean streamwise velocity hit 

rate of 95% indicates excellent comparison of the model with wind tunnel data. 

Table 6.2 shows values of the three computed statistics (NMSE, FB and R). 

The FB value indicates that the model generally overestimates u-values. 

However, the overestimation is small. A low value of NMSE is also found. In 

addition, the correlation is high, indicating good prediction of the experimental 

results with the numerical model. From the scatter plot of computed vs 

observed data (Fig. 6.3a) it is possible to see that the slight overestimation is 

confined to high wind speed values, i.e. higher Z/H. 

 

6.3.1.2. Mean vertical velocity 

The hit rate validation test for mean vertical velocity w fulfils Schluenzen’s q 

> 66% criterion (Table 6.1). In addition, a higher value of NMSE is obtained for 
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w than for u. The correlation R is particularly high, showing that the model is 

able to reproduce correctly the shape of the profiles. Positive values of the 

fractional bias FB suggests that the model generally underestimates. A closer 

look (Fig. 6.3b) shows that the underestimation occurs mainly for negative 

values of w, and that there is a significant group of points where the vertical 

velocity is overestimated, mainly for positive w-values. This means that the 

intensity of vertical velocity is overestimated. As we will see below, 

underprediction below building height is greater in general than overprediction 

above the cube rooftops. 

 

6.3.1.3. Turbulent kinetic energy 

The hit rate is q = 81% for k which is a fairly good result (Table 6.1). 

Fractional BIAS shows underprediction, and the correlation coefficient is 

relatively low suggesting less satisfactory results as compared with the mean 

velocity comparisons. However, a lower value of NMSE than that for w is 

observed. Figure 6.3c shows computed vs. observed data as a scatter plot for 

turbulent kinetic energy. 

The main conclusion taking into account these results is that model results 

compare satisfactorily to the wind tunnel data. Mean streamwise velocity 

agreement between experimental and computed results is excellent, however 

some discrepancies have been found in mean vertical velocity and turbulent 

kinetic energy. A more detailed study was carried out to detect the zones where 

w and k are over- or under- estimated. 
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 Number of Points Number of Hits Hit Rate (q) 
u 248 235 95 % 
w 248 190 77 % 
k 248 201 81 % 

 

Table 6.1. Results of hit rate validation procedure outlined in Schlünzen et al. (2004) 

for mean streamwise velocity, mean vertical velocity and turbulent kinetic energy. A 

relative deviation of RD = 0.25 for all variables and an absolute deviation of AD = 0.15 

m s -1 for mean streamwise velocity and mean vertical velocity and AD = 0.15 m2 s-2 for 

turbulent kinetic energy are used. 

 

 

 

 

 

 NMSE FB R 
u 0.009 -0.082 0.997 
w 0.396 0.396 0.926 
k 0.159 0.122 0.680 

 

Table 6.2. Values of NMSE, fractional Bias and correlation coefficient for mean 

streamwise velocity, mean vertical velocity and turbulent kinetic energy. 
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Fig. 6.3. Scatterplot (computed vs. observed data) for: a) mean streamwise velocity 

(u), b) mean vertical velocity (w), c) turbulent kinetic energy (k). Continuous lines are 

linear regression fits and dashed lines indicate the 1:1 line. 
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6.3.2. Comparison of vertical profiles 

Vertical profiles of mean streamwise velocity, mean vertical velocity and 

turbulent kinetic energy are compared between the simulation results and the 

experimental measurements at the 19 locations depicted in Fig. 6.1b in the 

plane Y/H  = 0. 

 

6.3.2.1. Mean streamwise velocity 

Vertical profiles of mean streamwise velocity (u) are compared with wind 

tunnel data at all locations described previously and are shown in Fig. 6.4 – 

6.22. In general, the comparison results for u are remarkable. At location A (X/H 

= -0.5) situated at the wind impact zone upwind of the building array, the 

agreement is notably good for all points. A good fit is also found at location B 

(X/H = 0.5) (at the center of the first building rooftop) where negative values of u 

are not detected in both experimental and computed results. Thus, there is no 

reverse flow on this rooftop. At the center of the other building rooftops (i.e. 

locations: D, F, L, N, P, R) good agreement is found between simulation results 

and measurements. 

At locations in the center of street canyons (locations: C, E, I, M, O, Q) 

excellent agreement is observed below roof level, but small differences are 

detected above them. At these locations, from the fourth to the sixth canyon, no 

noticeable changes in the mean streamwise velocity vertical profiles are found 

for both computed and measured data. In these situations the reverse flow due 

to the recirculation, where u is almost zero, is detected at approximately Z/H < 
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0.75. The model results at the last location downwind of the array (location S) 

also agree fairly well with the wind tunnel data. 

In the third street canyon a more detailed study is carried out. Vertical u-

profiles at five locations (locations: G, H, I, J, K) (see Fig. 6.1b) inside this 

canyon show a good agreement between computed data and measurements 

indicating a notably good prediction in the center of the canyon as well as in 

zones inside the canyon upwind and downwind of the center (Fig. 6.10 – 6.14). 

 

6.3.2.2. Mean vertical velocity 

Mean vertical velocity at the 19 X-selected locations in the  Y/H = 0 plane is 

depicted in Fig. 6.4 – 6.22. The agreement between computed results and wind 

tunnel data is generally good, but not as good as for mean streamwise velocity. 

At location A (X/H = -0.5) vertical velocity is positive, with a maximum at z=H. 

The model reproduces the shape of the curve, but overestimates the intensity. 

At location B an overprediction is again found. Similar behaviour is observed at 

the center of the other building rooftops (locations: D, F, L, N, P, R). 

At locations in the center of street canyons (locations: C, E, I, M, O, Q) the 

model overestimates mean vertical velocity above the canyons. In the center of 

the street canyons, vertical velocity is negative, and the model underestimates it 

(overestimation of the magnitude). At these locations, from the fourth to the 

sixth canyon, no great changes in the vertical profiles of mean velocity are 

found for both computed and measured data. At the last location downwind of 

the array (location S) the model effectively reproduces the shape of the profiles, 

with a slight overestimation above and an underestimation below the building 
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level (inside the canyon).  In the third canyon at locations G and H, in the 

upwind part of the canyon the model predictions are in good agreement with the 

observation. At location I, in the center of the street canyon, the model 

underestimates below H, overestimates above, and globally overestimates the 

magnitude. At locations J and K, in the downwind part of the canyon, model 

underestimation below H is larger than at point I. In general the model 

overestimates the magnitude of the negative velocities in the downwind part of 

the canyon. 

 

6.3.2.3. Turbulent kinetic energy 

Turbulent kinetic energy is displayed for the 19 X-selected locations in the 

plane Y/H = 0 in Figures 6.4 – 6.22. In general the agreement between model 

results and wind tunnel data is fairly good, in terms of the profile’s shape. 

However, the model shows discrepancies reproducing the magnitude of k in 

several cases. In particular, the model underestimates measurements below H 

and slightly overestimates between H and 4/3H at all locations in the centre of 

the canyon. This underestimation is probably due to the Standard k-ε turbulence 

closure model used, which affects the relation between Reynolds stresses and 

mean velocity gradients (Lien and Yee, 2004). 
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Fig. 6.4. Vertical profiles of mean streamwise velocity (u), mean vertical velocity (w) 

and turbulent kinetic energy (k) at the X-location A: X/H = -0.5 (See Fig. 6.1b). 
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Fig. 6.5. Same as Figure 6.4 but at X-location B: X/H = 0.5. 
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Fig. 6.6. Same as Fig. 6.4 but at X-location C: X/H = 1.5. 
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Fig. 6.7. Same as Fig. 6.4 but at X-location D: X/H = 2.5. 
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Fig. 6.8. Same as Fig. 6.4 but at X-location E: X/H = 3.5. 
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Fig. 6.9. Same as Fig. 6.4 but at X-location F:X/H = 4.5. 
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Fig. 6.10. Same as Fig. 6.4 but at X-location G: X/H = 5.1. 
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Fig. 6.11. Same as Fig. 6.4 but at X-location H: X/H = 5.25. 
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Fig. 6.12. Same as Fig. 6.4 but at X-location I: X/H = 5.5. 
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Fig. 6.13. Same as Fig. 6.4 but at X-location J: X/H = 5.75. 
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Fig. 6.14. Same as Fig. 6.4 but at X-location K: X/H = 5.9. 
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Fig. 6.15. Same as Fig. 6.4 but at X-location L: X/H = 6.5. 
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Fig. 6.16. Same as Fig. 6.4 but at X-location M:X/H = 7.5. 
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Fig. 6.17. Same as Fig. 6.4 but at X-location N: X/H = 8.5. 
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Fig. 6.18. Same as Fig. 6.4 but at X-location O: X/H = 9.5. 
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Fig. 6.19. Same as Fig. 6.4 but at X-location P: X/H = 10.5. 
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Fig. 6.20. Same as Fig. 6.4 but at X-location Q: X/H = 11.5. 
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Fig. 6.21. Same as Fig. 6.4 but at X-location R: X/H = 12.5. 



Numerical and experimental study of atmospheric flows and pollutant dispersion 
in urban environment 
 

 6.34 

 

Fig. 6.22. Same as Fig. 6.4 but at X-location S: X/H = 13.5. 
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The model is able to reproduce the flow structures but has some problems 

with the magnitudes of mean vertical velocity and turbulent kinetic energy. 

These results, which fulfil the validation criteria defined by Schluenzen et al. 

(2004) and agree with other studies already published (Lien and Yee, 2004), 

are satisfactory, and can be used for three dimensional analysis of the flow as 

well as for the analysis of average properties of the flow to parameterise useful 

variables in mesoscale models such as drag coefficient or dispersive stress. 

 

6.3.3. Analysis of the 3-D flow 

In Fig. 6.23, the simulated mean wind flow pattern at the plane Y/H = 0 is 

shown. Vortex circulations within canyons are not symmetric in contrast with the 

results of 2D street canyons representing an infinite street. The centres of the 

vortices are located in the upwind zone of the canyon and in the upper portion 

of the canyon (Z/H ≈ 0.75), in agreement with results shown by Brown et al. 

(2001) in the wind tunnel experiment. At plane Y/H = 0 within the canyons 

(Figure 6.24a) a region of negative horizontal wind velocity is located in the 

lower right (downwind) part of the canyon. The extension of this region is largest 

for the first canyon (left hand side in the figure, with wind coming from left), and 

it decreases progressively until the fourth canyon, from which point on it stays 

constant. This region of negative velocity results from the canyon vortex, which 

is more intense for the first canyons, as expected. At the top of the canyon, a 

very strong vertical gradient of u is modelled. Above H, u increases 

progressively with height.  Vertical sections of w at Y/H = 0 (Figure 6.24b) show, 

inside the canyons, a downward motion at the windward wall that is more 
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intense than the upward motion at the leeward wall. Again this downward 

motion is part of the canyon vortex, is more intense for the first canyon, and 

reaches a stationary value at the fourth canyon. It is also interesting to note the 

strong positive vertical velocity at the upwind corner of the first cube. Moreover, 

in the upper layers, vertical velocity is positive above the first 2/3 of the array, 

and negative in the last 1/3 (above canyons 5 and 6).  This behaviour is 

coherent, via continuity equation, with the horizontal profiles of u (Figure 6.24a). 

In fact, in the first 2/3 of the array 0>
∂
∂

x
u

(see the contour of wind speeds 

greater than 4 m s-1 in the upper part) because of the ‘deceleration’ (in a 

Lagrangian sense) induced by the increased momentum sink of the array, while 

in the last 1/3 of the array, 0<
∂
∂

x
u

, because of the acceleration formed 

downwind of the array. Neglecting the Y component of the wind, which is 

symmetric, 
z
w

∂
∂

 must have the opposite sign of 
x
u

∂
∂

, and since vertical wind 

speed is zero at the top of the domain the behaviour of w follows. k vertical 

sections (Fig. 6.24c), show a region of very high values at the first cube, where 

the strongest wind gradients are present. These strong values are advected 

downwind until the third canyon. Starting from the fourth canyon, the pattern of 

k remains similar, with maximum within-canyon values found in the upper 

corner of the windward wall. In addition, k is transported inside canyons by the 

wind flow pattern. For all magnitudes, similar patterns within canyons are 

produced from the fourth canyon to the end of the array. 
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Fig. 6.23.  Wind flow patterns along x at plane Y/H = 0 in all canyons, and below, an 

enlarged view of the fourth canyon. 
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Fig. 6.24.  Mean streamwise velocity (u), mean vertical velocity (w) and turbulent 

kinetic energy (k) contours at plane Y/H = 0. 
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Contours of flow variables (w, k) and wind flow patterns (2-D vector map) at 

horizontal planes at different Z/H (Z/H = 1.0, 0.75, 0.5, 0.25) are depicted in Fig. 

6.25 – 6.28. In addition, enlarged views of the fourth canyon are included. At the 

top of the canyons (Z/H = 1, Figure 6.25) flow is nearly parallel to the building 

roofs, and when it is close to the windward wall part of the flow is deflected over 

the buildings while the other part enters the canyon, creating a shear zone. This 

produces a high k region in the upper zone of the canyons near the windward 

wall. At Z/H = 0.75 (Figure 6.26), part of the flow enters the canyon laterally 

from the street. This is induced by the fact that in this layer negative velocity 

within the canyon decreases to zero at the top, as shown in Figure 6.25 

( 0>
∂
∂

z
w

). As a consequence by continuity, 0<
∂
∂
y
v

, and this generates the flow 

that enters from both sides in the downwind part of the canyon. Such flow 

produces a k maximum in the corner of the downwind building. However, these 

maxima are less than the maximum k at the top of the canyon. In terms of 

vertical motions, downward motion at the windward wall is more intense than 

upward motion at the leeward wall. In addition, u is almost 0 in the centre of the 

street canyon along X-direction at this height, indicating that the centre of the 

vortices inside the canyons in the vertical plane (Y/H = 0) are close to Z/H = 

0.75. At Z/H = 0.5 wind flow enters laterally from the street canyon, for similar 

reasons explained above, creating two counter-rotating vortices in the horizontal 

plane at this height. The maximum values of k are located at the corners of the 

downwind building, but k-values are smaller than values at higher vertical 

positions because wind intensity and gradients are lower. At Z/H = 0.25, near 
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the ground, wind flow is downward at the windward face. Thus, when flow is 

close to ground it diverges, producing, by continuity, a flow out of the canyons 

laterally towards the leeward wall. This fact moves the k maxima far from the 

cube corners, to roughly halfway between the two cubes. 

In conclusion, the vortex formed in the canyon induces strong downward 

vertical motions at the downwind side of the canyon and weaker vertical 

motions on the upwind side. Such motions are compensated for by lateral flows 

that enter the canyon in its upper part and exit the canyon in the lower part. This 

is a feature of the three dimensional configuration, since in 2-D these motions 

are not possible and everything must be compensated for by motions in the X-Z 

plane. Another consequence of the three dimensionality of the flow is that the 

centre of the vortex is displaced to 3/4 of the canyon height, meaning that the X-

wind component at the center of the canyon is negative. At lower levels wind 

flow enters into the array in streamwise direction by the spanwise spacing 

between cubes. This flow is counteracted by the outgoing airflow from the 

canyon side (in opposite direction) forming a convergence zone which location 

depends on the two flow strength. 
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Fig. 6.25.  Horizontal cross section of mean vertical velocity (w) and turbulent kinetic 

energy (k) contours and wind flow patterns at horizontal plane Z/H = 1 in all canyons 

and an enlarged view of the fourth canyon. 
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Fig. 6.26.  Same as Fig. 6.25 but at horizontal plane Z/H = 0.75. 
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Fig. 6.27.  Same as Fig. 6.25 but at horizontal plane Z/H = 0.5. 
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Fig. 6.28.  Same as Fig. 6.25 but at horizontal plane Z/H = 0.75. 
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6.4. Conclusions 

A numerical study of wind flow inside a 3-D cubic array is presented. Results 

computed by the RANS simulations with k-ε turbulence model have been 

compared with data from a wind tunnel experiment carried out by Brown et al. 

(2001). Different methods have been used to evaluate the accuracy of the 

numerical results. A quantitative analysis is carried out for all measurement 

points, using both the hit rate evaluation procedure of Schlünzen et al. (2004) 

and three statistics (normalised mean square error, fractional BIAS and 

correlation coefficient). In addition, vertical profiles of mean velocity components 

and turbulent kinetic energy in each of several specific locations have been 

analysed. 

Concerning the validation of computed results, the model seems to 

satisfactorily reproduce the flow structure observed in the wind tunnel 

experiment as deduced as the analysed data. The agreement of mean 

streamwise velocity between model and experiment is excellent at all locations 

studied. On the other hand, at almost all locations studied, mean vertical 

velocity is underestimated (overestimation of negative w values) inside canyons 

and overestimated above the canyon (general overestimation of vertical velocity 

intensity). Concerning turbulent kinetic energy, wind tunnel data are 

underestimated within street canyons and overestimated above. However, for 

both w and k, the model is able to reproduce the general shapes of the profiles, 

suggesting that the most important mechanisms responsible for flow behaviour 

are reproduced. In conclusion, the model satisfactorily reproduces flow structure 
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observed in the wind tunnel experiment, and can be used as a tool to 

investigate flow behaviour over arrays of cubes. 

The analysis of the flow shows a complex three dimensional pattern induced 

by the canyon vortex. In particular, downward motion at the windward wall is 

stronger than upward motion at the leeward wall. This is made possible by the 

flow that enters from the side of the canyon in the upper part of the canyon 

itself, and compensates for the downward motion. This is different than the 2D 

case, where downward motions must be fully compensated by upward motions. 

Moreover, the strong downward motion generates divergent horizontal flow in 

the lower part of the canyon, close to the ground. Another consequence of the 

three dimensional pattern is that the centre of the vortex is displaced to 3/4 of 

the canyon height, and towards the windward wall. The k maximum is 

generated at the top of the canyon close to the windward wall, where shear 

maxima are modelled. These k maxima are then advected into the canyon by 

the flow. 



 

7.1 

CHAPTER 7  
 

3D SIMULATION OF POLLUTANT DISPERSION OVER A 

REGULAR ARRAY OF CUBES 

 

 

7.1. Introduction 

In the previous chapter the complex flow pattern created over the array of 

cubes has been described. The understanding of flow patterns is very important 

for air quality investigations because the pollutant dispersion is determined by 

the flow within the urban canopy. The flow structure in 3-D is usually very 

complex because of the complex urban morphology. For this reason, the 

geometry studied in these chapters is an array of cubes, which is a simplified 

representation of a city (neighbourhood scale). In this way, the configuration 

analysed is a group of urban-like cubical obstacles. It is very interesting to 

understand the structure of the flow and the pollutant dispersion inside this type 

of configurations, which is simple enough to explain the behaviour of the flow 

and dispersion, but it is complex enough to keep 3D features that can be 

applied to real cities. 

Wind flow and pollutant dispersion in simple geometry configurations have 

been investigated extensively. Flow regimes in 2-D street canyons have been 

simulated by Sini et al. (1996), Santiago and Martin (2005), Assimakopoulos et 

al. (2003), etc, and pollutant dispersion inside 2-D geometry has been 
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investigated using passive tracers (Sini et al., 1996; Baik and Kim, 2002; Chan 

et al., 2002, etc.). Pollutant dispersion has been also studied in wind tunnel 

experiments (Meroney et al., 1996; Pavegeau and Schatzmann, 1999; Gerdes 

and Olivari, 1999, etc.). In addition, simulations with more complex geometry (3-

D) have been carried out in studies such as Chan et al. (2001) or Chan et al. 

(2003). In chapter 5 pollutant dispersion in 2-D was studied using a Lagrangian 

model (SLP-2D), but in this one an Eulerian model was used to analyse 

dispersion in 3 -D, a transport equation of a passive tracer was used. 

The aim of the present work is to analyse pollutant dispersion inside a 3-D 

regular array of cubes representing buildings (the same configuration as in the 

chapter 6) by means of a CFD model. The array is divided into seven units (see 

Section 7.2) and eight passive tracers were uniformly emitted at ground level, 

tracer 1 is emitted only in the first cube canyon unit, tracer 2 in the second unit 

and so on. Tracer 8 represents the emissions in the whole array region. The 

pursued objectives are the following (Santiago et al., 2006b):  

1) Identify maximum and minimum tracer concentration depending on 

source locations and extension.  

2) Analyse the relative contribution of emissions from different units to the 

total concentration in a specific unit. Try to find in which units the patterns 

are similar.  

3) Investigate the behavior of the sum of several tracer concentration 

corresponding to upwind unit emissions inside different selected units.  
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4) Find out relationships between average concentration inside street 

canyons and emission locations. Finally a simple relationship to 

characterize pollutant dispersion over this configuration is proposed. 

 

 

7.2. Simulation set up 

The simulations for steady state are based on Reynolds Averaged Navier-

Stokes equations (RANS) with standard k-ε  turbulence closure to model the 

motion of turbulent flows and a transport equation for the passive pollutant 

mean concentration to model tracer dispersion. Geometrical configuration, 

coordinate system, grid, boundary conditions and numerical methods used were 

the same as in the previous chapter. Therefore, the flow pattern obtained in 

both cases was also the same. 

The cubes array is divided into seven units as follows: -H < Y < H, and 2H(n-

1) < X < 2Hn, for n=1,6 unit number and 12H < X < 13H for 7 unit number (Fig. 

7.1). In each unit a passive tracer is emitted uniformly at ground level, for a total 

of seven passive tracers plus a tracer number 8 which is emitted in the whole 

array. As above commented, tracer 1 is emitted inside unit 1, tracer 2 in unit 2 

and so on. Dispersion is computed by solving equation a transport equation 

(equation 2.28) on the same grid and with the same numerical method used for 

the flow simulation. Emission strength is the same for all the tracers. This fact 

together with the linearity of transport equation, ensures that the sum of tracer 

concentration due to emissions inside each unit is equal to the concentration 

induced by the simulation of tracer emitted in whole array region (and similarly 
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for smaller subset of units). In other words, concentration of tracer 8 is equals to 

the sum of concentration of tracers 1, 2, 3, 4, 5, 6 and 7. 

 

 

 

Fig. 7.1. (a) Location of tracer source (shaded units) in the case of all unit emitting (X-Y 

view at Z/H = 0) and (b) Location of tracer source in the case of the first unit emitting 

(tracer 1). Also schemes of a street canyon (blue) and a cube canyon unit (red) are 

shown. 
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7.3. Results 

 

7.3.1. Case description and notation used 

The emission strength in each unit was uniform, simulating for example 

traffic emissions over all streets, with a value of SC = 1 kg m-3 s-1. This is a 

reference value since the intereste is the relative value of tracer concentration. 

It is worth mentioning that, in this stationary configuration, a variation in the 

input velocity value is equivalent to modify the emissions strength. In fact, 

transport equation (see equation 2.28) can be scaled with the input velocity u. 

The turbulent kinetic energy k and dissipation ε are proportional to u2 and u3, 

respectively, and consequently, tµ  is proportional to u. If input values of k and ε 

are modified accordingly, Reynolds independency is fulfilled. From transport 

equation, this yields to the conclusion that multiplying the wind speed for a 

certain factor is equivalent to dividing the emission strength for the same factor. 

Since transport equation is linear in C, resulting concentrations will be also 

divided by the same factor. Keeping this in mind, the relationships obtained in 

this work are valid for any input velocities (as long as the Reynolds number is 

large enough to be in the turbulent regime). 

Hereafter, concentration of tracer j (i. e. emitted in unit j) will be indicated as 

Cj  and  ∑
=

==
7

1j
j8T CCC  is equivalent to the concentration of a tracer emitted in 

the whole array (this statement has been checked with computed results). 

Moreover, Cj(i)  is the concentration of tracer j in the unit i. 
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In addition, the zone between buildings where Y/H = -0.5 to 0.5 is called 

street canyons (SC) (see Fig. 7.1b). Thus, SCi indicates street canyon number i 

and )( ij SCC  represents concentration of tracer j in street canyon number i. 

Other symbols used are brackets. A variable between brackets (< >) indicates 

an average value over the volume of air inside a street canyon (i.e. >< )( ij SCC  

indicates average concentration inside street canyon i induced by unit j 

emissions). 

 

7.3.2. Total concentration and concentration due to each unit emissions 

Concentration patterns at different heights are determined principally by flow 

patterns over the cubes’ array. The flow structures induced by the array were 

described in detail and compared with wind tunnel data (Brown et al., 2001) in 

the previous chapter. 

Highest values of total concentration are located at lower levels and, as 

expected, concentration decreases with height (Fig. 7.2). Similar behavior is 

found for each individual tracer (Fig. 7.3 -7.6). Total concentration maximum 

value at each height is situated in the last building canyon units (concentration 

increases in X direction) indicating an accumulation of the tracers emitted in the 

upwind units. This fact can be analysed in detail through the behavior of the 

individual tracers. It is observed that the effect of upwind canyons contribution 

on total concentration can be notable and must be considered. 

At Z/H = 0.25, highest concentration (total and individual tracers) is located 

outside of street canyons. This fact is explained by the flow pattern at this level 
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where wind flow, which goes downward at the windward face of street canyon, 

diverges near the ground creating, by continuity, a flow motion outward of street 

canyon by the lateral zone and towards the leeward wall (see chapter 6). This 

flow transports outside the street canyon part of the tracer emitted in the 

canyon. In addition, it produces a region with low concentration values at the 

downwind side of street canyon. Another important feature is the difference 

amongst maximum values of concentration produced by the individual tracers. 

Maximum values of 4C  and 5C  are higher than maximum of the other individual 

tracers. This behavior seems to be due to the fact that the 4th and 5th units 

(where these tracers are emitted), as expected (see chapter 6), are the least 

influenced by the perturbation of the flow induced by the edges of the cubes’ 

array. The flow structure in these zones is very similar. In the sixth unit, for 

example, the closeness of  array end influences tracer concentration extracting 

more pollutant towards outside of street canyon. At upper heights (Z/H = 0.5, 

0.75, 1), the behavior is the similar: 4C  and 5C  maximum values are higher 

again and low concentration zones at downwind side of the street canyon are 

created by the entry of clean air (see chapter 6). At Z/H = 0.75 and 1 maximum 

values of concentrations (total and individual tracers) are located inside street 

canyons, at leeward face. 

As expected, )(iC j is almost zero if j > i. This yields, using the notation 

described above, to 

∑∑∑∑
=+===

≈+==
i

j
j

N

ij
j

i

j
j

N

j
jT iCiCiCiCiC

1111

)()()()()(      (7.1) 
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In general, inside a selected unit i the most important contribution to total 

concentration is due to )(iC i (concentration induced by tracer i) and 

)(1 iCi− (concentration induced by tracer (i-1) which is emitted in the closest 

upwind neighbour). 

 

Fig. 7.2.  Total pollutant concentration at different vertical positions (Z/H = 1, 0.75, 0.5, 

0.25). 
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Fig. 7.3. Pollutant concentration induced by individual unit emissions ( 1C , 2C , 3C , 4C , 

5C , 6C ) at Z/H = 0.25. 
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Fig. 7.4. Same as Fig. 7.3 but for Z/H = 0.5. 
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Fig. 7.5. Same as Fig. 7.3 but for Z/H = 0.75. 
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Fig. 7.6. Same as Fig. 7.3 but for Z/H = 1. 
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7.3.3. Relationship between neighbour cube canyon units 

As commented above, tracer emitted in a selected unit does not contribute 

to total concentration in the upwind units, and inside one unit the highest 

contribution proceeds from itself and neighbour upwind unit emissions. However 

the contribution from tracers emitted in the other farther upwind units cannot be 

neglect. In this section, the objectives are to understand the influence of upwind 

neighbor unit emissions on each unit and check in which units the behavior of 

tracer dispersion is similar. In every case only two units are considered (the 

selected unit and its upwind neighbour) and the contribution of the upwind 

neighbor unit to the concentration inside the selected unit is analysed. For this 

purpose the variable used for i = 2, 3, 4, 5 and 6 is the following, 

)()(
)(

1

1

iCiC
iC

i i

i

+−

−          (7.2)  

This variable represents a relative contribution of the emissions of the 

neighbour canyon unit (tracer i-1) in the concentration inside a selected unit i 

due to these emissions (tracer i-1) plus emissions in the selected (tracer i). 

In addition, )()(1 iCiC ii +−  is analyzed to take into account whether the 

contribution described by the other variable corresponds to a maximum or a 

minimum of concentration (see Fig. 7.7 – 7.10 at different heights, Z/H = 0.25, 

0.5, 0.75, 1). 
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Fig. 7.7. Relationship between concentration and neighbor unit emissions (j and j-1), 

)/( 11 jjj CCC +−−  inside a unit j, (j = 2,3,4,5,6), at Z / H =0.25. Also, 

concentration jj CC +−1 inside a unit j, ( j = 2,3,4,5,6), at Z / H =0.25. 
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Fig. 7.8. Same as Fig. 7.7 but for Z/H = 0.5. 
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Fig. 7.9. Same as Fig. 7.7 but for Z/H = 0.75. 
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Fig. 7.10. Same as Fig. 7.7 but for Z/H = 1. 
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The relationship between unit 2 and unit 1 is very different in comparison 

with the other pairs of units because unit 1 is at the upwind edge of the array. 

The tracer dispersion is more similar, as expected, in the pairs 3-4, 4-5 and 5-6 

considering both 
)()(

)(

 1

1

iCiC
iC

ii

i

+−

−  and )()(1 iCiC ii +− . At Z/H = 0.25, the highest 

contribution in percentage of the tracer (i-1) is located in the upwind zone of unit 

i (lateral region of building) and, regarding )()(1 iCiC ii +− , an important 

contribution of tracer emitted from upwind unit (about 50%) is estimated in the 

maximum of concentration area. In addition, there is a contribution about 50-

40% at the downwind side inside street canyon. However in this zone there is a 

minimum of concentration and contribution in terms of absolute value and it is 

not so important. At upper levels (Z/H = 0.5, 0.75, 1) the contribution in 

percentage of the tracer from neighbor upwind unit increases but, as above, not 

in absolute concentration because )()(1 iCiC ii +−  decreases with height. At Z/H = 

1, )()(1 iCiC i i +−  inside unit i is negligible because at this height maximum 

values of concentration for tracers i and i-1 are located downwind of unit i and 

their values are very low. This is due to the fact that emission sources are 

located at ground, thus only a short amount of tracer reaches this height, and 

when it is reached tracer has been transported in downwind direction. 

 

7.3.4. Spatial periodic relationships between concentrations inside neighbour 

units 

Next step is to find out a relationship between the total concentration inside 

a selected unit and the contribution of tracers emitted from upwind units. In 
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other words, the objective is to investigate to what extent upwind units 

emissions affect concentration in a selected unit and if similarity exists between 

different units. In this way, we compare at different heights (Z/H = 0.25, 0.5, 

0.75, 1) the following expression (Fig. 7.11)  

∑

∑

=

−

=

−
= j

k
k

j

k
k

j

jC

jC

2

1

1

)(

)1(
γ          (7.3) 

Using this variable, the total concentration inside a unit is compared with the 

total concentration in the next unit but due to the same number of upwind 

emitting units considering the same number of tracers. This is expressed  in 

equation 7.5 using equation 7.4: 

)1()1(
1

1

−≈−∑
−

=

jCjC T

j

k
k          (7.4) 

)()()( 1
2

jCjCjC T

j

k
k −≈∑

=
         (7.5) 

A value of 1 indicates a perfect equivalence, while a value <1 or >1 shows a 

total concentration higher inside downwind or upwind unit, respectively. 

Regarding all heights studied (Fig. 7.11), the fourth and fifth units are 

considered equivalent, the minimum value of γ  is about 0.8 and inside the 

street canyon is always higher than 0.9 at Z/H = 0.25, 0.5, 0.75. Only inside the 

sixth unit, 16 >γ . This behavior is explained by the location of sixth unit 

(downwind edge of the array), where a large part of the tracer emitted inside 

this unit is extracted outside the canyon by the perturbation induced in the flow 

by the end of array. 
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Fig. 7.11. Spatial periodic relationships between concentration inside neighbor units (j 

and j-1) for j = 3, 4, 5, 6 due to the same number of emitting units (j-1), jγ , at Z / H = 

0.25, 0.5, 0.75, 1. 
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Due to the equivalence observed between fourth and fifth building canyon 

unit, the next sections will focus on these units to quantify the contribution of 

upwind canyons in total concentration inside them. Thus, results in these units 

can be generalized to central units in similar arrays (e. g. the flow can be 

considered adjusted to the array). 

 

7.3.5. Impact of four upwind unit emissions on 4 th and 5th unit concentration 

In this section, the contribution of tracers emitted inside upwind units to 

concentration in 4th and 5th unit is analysed. Four emitting units are considered 

in both cases, thus it can be compared the impact of each tracer on the 4th unit 

concentration with that on the 5th unit concentration. In other words, similar 

cases focused on 4th and 5th units are analysed considering total concentration 

as the sum of tracers 1, 2, 3 and 4 for the 4th unit case and 2, 3, 4 and 5 for the 

5th unit case. Relative impact of four upwind unit emissions on concentrations 

inside 4th and 5th units is depicted in Fig. 7.12 – 7.15. To achieve this purpose, it 

is compared the following variables focused on unit 4 with the corresponding 

ones focused on unit 5: 
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Similar tracer behaviors are found, as expected, in both cases. Tracers 1, 2, 

3 and 4 concentration in the fourth unit play, respectively, the same role that 

tracer 2, 3, 4 and 5 in fifth unit, respectively. At lower heights, the most 
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important contribution come from tracers emitted inside the selected unit and 

the closest neighbor upwind unit. The other two tracers emitted in farther 

upwind units induce non negligible contribution in certain zones. For example at 

Z/H = 0.25  ∑
=

4

1
1 )4(/)4(

i
iCC  or ∑

=

5

2
2 )5(/)5(

i
iCC  takes values between 10-20 % and 

∑
=

4

1
2 )4(/)4(

i
iCC  or ∑

=

5

2
3 )5(/)5(

i
iCC  between 20-30 % in certain zones of unit. Their 

contribution increases in percentage with height, however the decrease of total 

concentration with height must be taken into account to study the contribution in 

terms of pollutant quantity. The tracer emitted inside the closest neighbor 

upwind unit contributes in an important way on the aim unit (4th or 5th depending 

of the case) concentration, especially at building sides reaching 50-60% at 

lower heights where the concentration values are higher. 

 

7.3.6. Average concentration inside street canyons 

Next step in the investigation is to search for relationships between emission 

source locations and average concentration inside street canyons. Spatial 

averages over street canyon volumes (zones between cubes with Y/H from –0.5 

to 0.5 and Z/H from 0 to 1) are made for the individual tracers and for the sum 

of the tracers (total concentration). Averages over the volume of air inside street 

canyons are represented with brackets. For example for CT is 

dVSCC
V

SCC
airV iT

air
iT ∫>=< )(

1
)(        (7.6) 
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Fig. 7.12. Relative impact of four upwind unit emissions on concentrations  inside 4th 

and 5th units due to the sum of the four tracers emitted (on unit 4 depicted 
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Fig. 7.13. Same as Fig. 7.12 but for Z/H = 0.5. 
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Fig. 7.14. Same as Fig. 7.12 but for Z/H = 0.75. 
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Fig. 7.15. Same as Fig. 7.12 but for Z/H = 1. 
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Average total concentrations over each street canyon are shown in Fig. 

7.16. >< TC  increases with the number of street canyon (in downwind 

direction) because there are more upwind units emitting in the last ones and 

they have influence on average total concentration. The different behaviour 

inside the sixth street canyon is explained by its location as mentioned above.  

 

 

Fig. 7.16. Average total concentration inside each street canyon. 

 

 

Average concentrations inside the street canyon (i) due to tracers i, i-1, i-

2,...,1 (emissions from the unit itself and the other upwind units emissions) 

indicate, as expected, similar behaviour for 4th and 5th street canyon (Fig. 7.17) 

(the emissions from downwind units (i+1, i+2) are negligible, as explained in 
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Section 7.3.2). Largest differences in contribution for canyon 4th and 5th are less 

than 7% (contributions from the unit itself emissions). The behavior inside the 

6th street canyon is slightly different due to its location at the end of array, as 

explained above. 

 

Fig. 7.17. Average concentration inside several street canyons j (j = 1, 2,…, 6) induced 

by individual unit emissions (i = j, j-1, j-2,…,1). 

 

 

Next step is to quantify the contribution of each tracer on total average 

concentration inside street canyons focusing on the 4th and 5th ones. Average 

concentrations inside street canyon i (i = 4,5) due to different tracers are 

normalised by average concentration due to tracer i, 
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><

><

)(

)(

ii

ij

SCC

SCC
           (7.7) 

Thus, this variable is fitted for the 4th and 5th street canyon to a function as 

AX
B
+

,  where X is (i + 1 - j) (Fig. 7.18 and 7.19). Fitting gives A = 0.1 and B = 

1.1 with a correlation coefficient of 0.99 in both cases.  

 

 

 

Fig. 7.18. Average concentration due to a single unit emission calculated inside the 4th 

street canyon, normalised with the average concentration induced by the 4th unit in the 

4th street canyon emissions (
)(
)(

44

4

SCC
SCCi

><
><

). Also, fitting function (
AX

B
+

) is plotted. 
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Fig. 7.19. Same as Fig. 7.18 but for 5th street canyon. 

 

The relationship given by the fitting function can be very useful to evaluate 

average contribution from one street canyon emissions to another close by. It 

has been computed assuming that emissions of all tracers is the same, 

although it can be used for different emissions. An emission change inside one 

unit (j), keeping the other unit emissions constant, induces a change 

proportional to  
><
><

)(
)(

ii

ij

SCC
SCC

 for (j ≠ i). 

In conclusion, average total concentration inside a selected street canyon (i) 

can be calculate as follows: 

∑ ><>=<
j

ijiT SCCSCC )()(    (for j ≤  i)   (7.8) 

Taking into account fitting function, it can be expressed as: 
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>=<
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)1(
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  Equations 7.8 and 7.9 are valid for central street canyon which are not 

affected by the array edges. Although street canyon number 3 and 6 are 

affected by the edge of array, average total concentration inside them is 

calculated using equation 7.9 obtaining a good agreement with simulation 

results (Table 7.1). The error made using fitting function is less than 7%. 

 

 Simulation Results Fitting Function 

)( 3SCCT ><  0.077  0.073  

)( 4SCCT ><  0.107 0.105  

)( 5SCCT ><  0.126  0.122  

)( 6SCCT ><  0.125  0.117  

 

Table 7.1. Average total concentration inside the third, fourth, fifth and sixth units 

obtained from CFD results and fitting function (equation 7.9). 

 

In this Section a simple expression is found that relates emissions in one 

unit with concentration in other canyon. It is important due to using simple rules 

the average concentration over this array of cubes is modelled. Considering this 

fact, it seems to be possible to model with simple expressions the average 

concentration inside different 3D complex groups of obstacles representing 

buildings in a city. 
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7.4. Conclusions 

The tracer dispersion over a 3-D array of cubes has been studied by means 

of several tracers emitted from different units of the cubes’ array. Thus, the 

combination of results obtained gives information about tracer dispersion and 

each unit contribution to the total concentration. A summary of the main 

conclusions is the following: 

• Maxima of concentration in all simulations are found at lower levels and 

decrease with height because sources are situated at ground. These 

maxima at lower levels are located outside the street canyon, and, due to 

the flow pattern, lower concentration zones are created at downwind side of 

the street canyons. 

• Total tracer concentration increases in the downwind direction due to an 

accumulative effect. Inside a selected unit, the emissions located upwind 

can notably contribute to total concentration while the downwind unit 

emission contributions are negligible. 

• The behaviour of central units ( 4C and 5C ) are similar. Their maximum 

values are higher than those induced by other canyon emissions. This fact 

appears because these regions (the 4th and 5th building canyon units) are 

less influenced by the flow perturbation induced by edge of the cubes’ array, 

(e. g. the flow is adjusted to the array). 

• Tracer behaviour inside the 4th and 5th unit is similar, considering the same 

number of upwind emitting units. This fact is important in order to generalize 

the results to central canyons in similar arrays. 
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• Highest contributions to tracer concentration inside a unit (i) proceeds from 

emissions inside the same unit i and inside the upwind neighbour unit (i-1). 

However, farther upwind unit emissions (i-2, i-3,…) induce significant 

contributions in certain zones. 

• Average concentration over the street canyon (space between the cubes in 

the streamwise direction), >< )( iT SCC  , increases with the number of street 

canyon, except in the 6th street canyon where its location, at the end of the 

array, affects pollutant concentration.  

• Average concentrations also show similar tracer behaviour inside the 4th and 

5th street canyons. A simple function has been proposed for the relationship 

between the averaged concentration inside a street canyon (i) due to the 

emissions from the same unit (i) and the upwind units (i-1, i-2,…). This 

relationship makes possible to know the influence of emissions of one unit 

on the concentration in other canyon and the distance where this influence is 

significative. 

This type of studies is very interesting for several purposes, for example: 

1) To study pollution due to traffic in the cities. Surface sources of tracers at 

ground level can represent continuous traffic in streets. In this way, simple 

relationship between location of emissions and average concentration, such 

as that obtained here, can be useful to investigate the influence of a 

reduction of traffic emissions in a given zone of the city on other selected 

zone. 

2) To study the potential impact area in the case of a sudden accidental or 

intentionally release of a hazardous substance. 





 

8.1 

CHAPTER 8  
 

CONCLUSIONS AND FUTURE LINES OF RESEARCH 

 

 

8.1. Conclusions 

As presented in the technical report carried out by the European 

Environment Agency (Air pollution at street levels in European cities, 2006), 

there exists an important problem concerning air quality inside cities, especially 

at street levels. In this way, the main objective of the Thesis is to contribute to 

the understanding of physical processes (air flow dynamics and pollutant 

dispersion) inside the street and the urban boundary layer. Several 

configurations of buildings in two and three dimensions representing streets or a 

part of a city have been analysed finding valuable information concerning flow 

and dispersion inside urban canopy. In addition, other important environmental 

problem at microscale such as emissions in harbours is also investigated 

studying the usefulness of porous windbreak to reduce them. The most part of 

the results is obtained by means of numerical simulations based on RANS 

equations but experimental measurements are also used to validate the 

computed results. 

Firstly, 2D sequences of five street canyons were studied. A 2D street 

canyon represents an infinite street in spanwise direction where the wind flow is 

perpendicular to it. In these situations, a large amount of air pollutants related to 
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traffic emissions are trapped inside street canyons. Symmetric and asymmetric 

configurations for three different aspect ratios (W/H) have been investigated to 

observe the influence of a building higher than the others around it. For 

symmetric cases, it is observed that flow regimes obtained by the simulations, 

including multi-vortex regimes for narrow canyons, are in agreement with the 

flow regime classification showed by Oke (1988) or Sini et al. (1996). This fact 

provides confidence for the results in asymmetric configurations, which are not 

validated by experimental measurements. It should be outlined that the 

influence of only a higher building is large: flow patterns and turbulent properties 

are radically different between symmetric and asymmetric cases (step-up and 

step-down notch configurations). It is important to take into account this fact in 

studies inside real street canyons where there is a difference between the 

building heights, especially in studies with parametric models that does not 

solve fluid dynamic equations . In these cases, as observed in chapter 3, flow 

patterns change in asymmetric configurations even at street levels where the 

traffic emits, and hence the distribution of concentration also changes. This 

occurs in step-up and step-down notch configurations . In step-down notch 

configuration, the wake created behind the higher building changes the flow 

pattern inside the street canyon and in the case of W/H = 1 appears one vortex 

rotating in opposite direction comparing with symmetric case. Similar features 

also occur for the narrow street canyons. Moreover, in the step-up notch 

configuration, the vortex in the upper zone of the canyon is distorted in all cases 

(W/H = 1, 0.5 and 0.25). In addition, an increase of turbulent kinetic energy is 

produced close to the highest building. 
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As an additional validation exercise, the reduction of dust emissions in 

harbours by means of an isolated porous windbreak has been considered. Wind 

flow has been investigated around a windbreak located on a flat surface 

(roughness length almost 0), in similar conditions to a harbour, comparing the 

results obtained by numerical and experimental studies. The peak velocity 

parameter ( ),(1 zxRu ) is used to evaluate the shelter effect of a windbreak. This 

parameter compares a combination of mean velocity and turbulence (peak 

velocity) behind the windbreak (disturbed zone) with the reference “peak 

velocity”, measured upstream from the barrier (undisturbed zone). From the 

different windbreak porosities investigated, a value of 0.35 is found, by both 

wind tunnel experiments (IDR experiments) and numerical computation as the 

porosity that produces a larger protection region. Using a windbreak with this 

porosity located upwind of piles of materials stored in an open location in 

harbours can reduce dust emissions. This porous fence provides the best 

shelter at large distance and, in short and intermediate distances, it produces a 

similar protection to a fence with less porosity. In addition, a low dependence of 

the optimum value of porosity with roughness length (z0) is detected based on 

the results of other studies carried out with higher z0 value (Park and Lee, 

2002), which recommend similar porosity values. In this evaluation exercise, the 

performance of three different turbulence models has been investigated finding 

the best agreement for the results of Realizable k-ε  turbulence closure model, 

although, the differences with the other turbulent closure models considered are 

not very large. 
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A new lagrangian particle model (SLP-2D) was developed. This model uses 

flow results from CFD models as input data and compute concentration taking 

into account emission sources, deposition processes and turbulence induced by 

traffic. To validate their results, it is employed to simulate some experimental 

configurations: a reduced scale case (wind tunnel experiment) and two real 

street canyons measurements inside streets of Stockholm and Berlin. In the 

wind tunnel case, where the conditions are more controlled, the SLP-2D model 

results have been very close to the measured data. For real cases the 

agreement between measurements and computed data is fairly good, especially 

for PM2.5 in the Stockholm case. However, the agreement with measurements 

of computed results for real cases are not so good as those for wind tunnel 

case showing the difficulty of the use realistic input data and the uncertainty that 

introduce in the model results when street level pollutant concentration is 

simulated. The uncertainty of experimental device on concentration 

measurements can be in the range of 25%. However in the comparison 

between models and experiment the most important uncertainty in dispersion 

studies is in the emissions. It is very difficult to provide a good emission dataset. 

An error for PM10 emissions in Frankfurter Allee explain that all models 

underestimates PM10 concentration. It seems to foresee better model results 

with more complete and reliable dataset available. In conclusion, regarding this 

fact, SLP-2D model reproduces quite well pollutant concentration inside street 

canyons. 

Wind flow and pollutant dispersion have been also simulated over an array 

of cubes representing buildings. This 3D configuration represents a part of a city 
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in a simplified way. The results of chapter 6 foresee the suitable performance of 

RANS simulations with a k-ε turbulence models in 3D simulations. The detailed 

analysis of the flow structures created over the array of cubes shows a complex 

3D pattern finding large differences with the flow over 2D configurations. Three 

dimensional effects that appear in the flow produce differences with 2D cases 

even in the vortex at vertical plane located at the middle of cubes. In the three 

dimensional case, the centre of the vortex at vertical plane in the middle of 

cubes is displaced to 3/4 of the canyon height, and towards the windward wall. 

A brief description of the flow pattern is the following. Part of the flow enters 

from the windward side of the canyon in the upper part of the canyon itself. In 

the upper part of canyon the flow enters laterally but the strong downward 

motion generates divergent horizontal flow in the lower part of the canyon, close 

to the ground and here the flow go out of the canyon towards leeward wall. The 

data set generated by simulation is very useful to compute average properties 

of the flow such as dispersive and Reynolds stress or drag coefficient. These 

variables can be useful in urban parameterization for mesoscale models (Martilli 

et al., 2006 and Martilli and Santiago, 2006). 

In addition, the tracer dispersion over the array of cubes has been also 

investigated. Several tracers were emitted from different units of the array at 

ground level simulating traffic emissions. The objective of this chapter was to 

find relationships between emission source locations and their contribution to 

tracer concentration in different street canyons. It is observed as the tracer 

concentration patterns are determined by the wind flow pattern. From chapter 6 

and chapter 7 results, it is concluded that the flow is adjusted to the array in the 
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4th and 5th unit, where flow properties are not influenced by the edge of the 

array. The most relevant result in chapter 7 is the relationship found between 

average concentration and location of emission sources. This relationship is a 

simple function that relates the averaged concentration inside a street canyon 

(i) due to the emissions from the same unit (i) with the average concentration 

that would exist in the case of individual upwind units emit (i-1, i-2,…). In other 

words, it relates concentration of tracer i inside street canyon i with 

concentration of upwind tracers (i-1, i-2,…) inside street canyon i. This fact 

means that average concentration inside canyons is explained by a simple 

expression in spite of the simulated configuration is 3D. Using this relationship it 

is possible to know the influence of emissions inside one unit on the 

concentration in a given canyon, and hence to establish the distance where this 

influence is significative.  

Overall, RANS simulations with k-ε turbulence models can be used to 

simulate wind flow and dispersion inside urban canopy. It should be outlined 

that, although more complex models such as LES would provide more accuracy 

results, actual CPU time consumption restrains the use of these models is 

difficult. However, the increase of computational power will become feasible the 

application of this type of models to complex geometries at high Reynolds 

numbers. 
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8.2. Future lines of research 

A future line of research is to simulate a large number of 3D configurations 

of buildings representing parts of cities with different geometrical features and to 

compute variables such as dispersive stress or drag coefficient useful for urban 

parameterizations for mesoscale models (Martilli et al., 2006 and Martilli and 

Santiago, 2006). For example, drag coefficient is an input data for these 

parameterisations and the understanding of its behaviour in different 

configurations helps to the representation in mesoscale models of the urban 

canopy layer created by a city in a reliable way. 

On the other hand, for future studies in different 3D configurations, similar 

simple relationships as those obtained in chapter 7, should be looked for trying 

to find a relation between the expressions and the geometrical parameters of 

the array. This type of studies is very interesting for several purposes, for 

example: 

3) To study pollution due to traffic in the cities. Surface sources of tracers at 

ground level can represent continuous traffic in streets. The reduction of 

traffic in only one street keeping constant emissions in the others has not a 

proportional decrease of total concentration in other street canyon. In this 

way, simple relationships, such as that obtained here, gives this type of 

information in a direct way. Therefore, the influence of a reduction of traffic 

emissions only inside a given zone of the city on other selected zone can be 

investigated by means of these simple relationships. 

4) To study the potential impact area in the case of a sudden accidental or 

intentionally release of a hazardous substance. In these cases, a quick 
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response is needed and with these relationships the dimension of impact 

area can be quickly computed. 

Other interesting features to study in future investigations are thermal 

effects. Some studies has been carried out by Sini et al. (1996) or Kim y Baik 

(1999). However, only simple geometries (2D street canyons) and cases where 

one wall in the canyon has different temparature than the other ones has been 

studied. It should be interesting to understand the influence of the wall heat flux 

due to solar heating on flow inside streets. 

In addition, further investigations in the interaction between atmospheric flow 

and some urban obstacles such as trees is still needed. Some streets has 

several rows of high trees which can influence on flow and dispersion inside 

canyons. The trees can be simulated by means of a porous obstacles in a 

similar way to windbreaks simulated in chapter 4. 

In general, the future lines of research should be directed to simulate 

different simplified configurations of a city (with different levels of complexity) 

and to extrapolate the results of wind flow and tracer concentration to real cities. 

In this way, the aim is trying to answer the key question: which is the simplest 

configuration to represent a real city in a reliable way? 
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