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Abstract

The rapid urban population growth involves a fast development of urban areas and increases
the energy demand and greenhouse gas emissions. Hence, problems related to citizen’s well-
being, global warming and natural resources depletion emerge. Buildings represent 32 % of the
total final energy consumption in the world. They have an impact on urban micro-climates and
energy balance, which reciprocally condition the building energy demand and citizens’ health
and comfort. The bio-climatic design of urban areas appears as critical for preserving citizens’
living conditions while improving building energy efficiency and conservation. However, such in-
tegrated urban approaches require an in-depth knowledge of the interplay between urban struc-
tures, aerodynamic processes and thermal exchanges.

This thesis is an exploratory study that lays the scientific and methodological foundations of
a transverse approach for studying urban energy and bio-climatic issues. This approach involves
concepts and tools of building and urban physics as well as urban planning and architecture. It
addresses the relations between urban morphology and aerodynamic processes, and studies their
effects on the building energy loads due to infiltration and convective heat losses.

This thesis is divided into three main parts. The first part synthesizes the specificities of ur-
ban aerodynamics and urban physics, and analyzes existing urban fabrics from a morphological
point of view. Generic typologies of isolated buildings and urban blocks for small scale aerody-
namic studies are deduced. The second part validates the computational fluid dynamics (CFD)
model (steady RANS RSM) against detailed experimental and numerical data, and presents the
numerical experiments performed on the different morphological types. Mean flow structures
that develop according to the construction shape and built environment, as well as pressure dis-
tribution on the building outer walls are examined. The last part couples heat and air fluxes
to evaluate the contribution of urban air flows on the building energy loads. The improvement
brought by CFD to the assessment of building convective heat transfers is verified by comparing
numerical results to experimental data, detailed numerical studies and standard correlations. An
enhanced temperature wall-function adapted for forced convection problems is adjusted to the
model based on existing studies, and the convective heat transfers distribution on building fa-
cades is analyzed. Finally, the building energy loads due to air infiltration and heat transmission
are estimated for typical constructions and compared to standard values.

The results of this thesis show strong effects of the topology and dimensionality of construc-
tions and urban structures on the development of recirculation phenomena within the urban
canopy layer. The related aerodynamic conditions yield heterogeneous pressure and convective
heat transfer intensities and distributions on building facades, which depend upon the considered
built morphology. Their effects on building energy loads are logically particularly important in
absolute value for buildings that are neither insulated nor air tight. Nonetheless, the estimates
of the building energy needs based on standard or simulated pressure and convective heat trans-
fer coefficients often show substantial deviation. Focusing on the relative contribution of the built
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structure, the effects of the aerodynamic context appear more influential for insulated buildings.
Essentially, switching from an exposed to a sheltered building may decrease the energy needs per
surface unit of floor due to air infiltration and heat transmission through outer walls by 18 % up

to 47 % according to simulation.

Hence, the methodology developed in this thesis integrates different urban factors to examine
their mutual effects toward a more sustainable urban development. Results highlight the rele-
vance of implementing an integrated and detailed approach of urban physics to better understand
the building energy behavior. Nonetheless, the generalization of such an approach using usual
CFD tools requires substantial computational resources. Recently developed models and compu-
tational techniques as well as dedicated full-scale experiments appear therefore promising.

Keywords:

Urban morphology, Urban aerodynamics, Building physics, Computational Fluid Dynamics,

Infiltration, Convective heat transfers.
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Résumé

Le développement urbain contribue fortement a 'augmentation de la demande énergétique
et des émissions de gaz a effet de serre. Dans le méme temps, les conditions de vie des citadins, le
réchauffement climatique et la raréfaction des ressources naturelles deviennent problématiques.
Les batiments consomment 32 % de 'énergie finale mondiale. Ils modifient également le bilan
énergétique et les micro-climats urbains. Ces micro-climats affectent en retour les sollicitations
thermiques des batiments ainsi que les ambiances urbaines. L'approche bioclimatique de la con-
struction apparait donc étre une solution d’avenir pour améliorer la performance énergétique du
béti et favoriser de bonnes conditions de vie en ville. Cependant, une telle approche requiert
une connaissance fine des interrelations entre les environnements batis, les phénomeénes aérody-
namiques et les échanges thermiques se développant en milieu urbain.

I’étude exploratoire développée dans cette thése pose les bases scientifiques et méthodologiques
d’une approche transversale visant a étudier 'énergétique urbaine et le bio-climatisme. Elle fait
appel a des concepts et des outils empruntés a I'architecture et 'urbanisme d’une part, et a la
physique du batiment et de la ville d’autre part. Cette these étudie plus particulierement les rela-
tions entre la morphologie urbaine et les processus aérodynamiques qui se développent dans la
canopée urbaine et leurs effets sur la demande énergétique des batiments induite par les infiltra-
tions d’air et les échanges thermiques convectifs.

Cette thése se compose de trois parties principales. Dans un premier temps, les spécificités de
I'aérodynamique et de la physique urbaines sont synthétisées et la morphologie de tissus urbains
réels est analysée. Une typologie générique de batiments isolés et une autre d’ilots urbains en sont
déduites. Dans un second temps et afin d’étudier ensuite les écoulements d’air en milieu bati, le
modele de mécanique des fluides numérique est validé par comparaison des prédictions du mod-
ele avec des résultats expérimentaux et numériques détaillés. Des expérimentations numériques
sont ensuite réalisées sur les différents types morphologiques. Les écoulements moyens sont
analysés dans leurs rapports avec la morphologie bitie, et la distribution des coefficients de pres-
sion sur les facades des batiments est analysée. Dans un troisieme temps, les échanges thermiques
sont couplés aux processus aérodynamiques. L'amélioration des estimations des échanges con-
vectifs des batiments grace a la mécanique des fluides numérique est vérifiée par comparaison
des résultats de simulation avec des données expérimentales et numériques, ainsi qu’avec les
valeurs standard généralement considérées en ingénierie du batiment. Une adaptation des fonc-
tions de paroi relatives au transfert thermique est proposée sur la base d’études existantes, et la
distribution des échanges convectifs sur les facades de batiments est analysée. Enfin, la demande
énergétique des batiments due aux infiltrations d’air et a la transmission de chaleur au travers
de leur envelope est estimée pour différents types morphologiques, et comparée avec les valeurs

estimées suivant une approche réglementaire.
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Les résultats de cette these mettent en évidence les effets des propriétés topologiques et
métriques des batiments et ensembles batis sur le développement de recirculations d’air dans
la canopée urbaine. Les conditions aérodynamiques en résultant induisent une distribution et
intensité hétérogenes des coefficients de pression et d’échange convectif sur les facades des bati-
ments. Ces conditions influent notablement sur le comportement thermique des batiments non
isolés et perméables a I'air. Par ailleurs, ’estimation de leur demande énergétique différe de facon
substantielle suivant si celle-ci est basée sur les valeurs simulées ou standard des coefficients de
pression et d’échange convectif. Cependant, sil'on s’intéresse a la contribution relative de la struc-
ture batie, 'influence des conditions aérodynamiques sur la demande énergétique des batiments
apparait plus importante pour les batiments isolés thermiquement. Selon les résultats de simula-
tion, la différence entre la demande énergétique, rapportée a I'unité de surface de plancher, due
aux infiltrations d’air et pertes thermiques au travers de I’enveloppe peut varier de 18% a 47 %
suivant si le batiment est isolé ou situé dans un environnement bati.

Ainsi, la méthodologie que cette thése développe intégre différents facteurs de 'environnement
urbain (morphologie, vent) pour en étudier leurs effets mutuels dans un souci de développement
urbain durable. Les résultats obtenus soulignent l'intérét de développer une telle approche inté-
grée et détaillée relevant de la physique urbaine pour mieux comprendre le comportement én-
ergétique des batiments. Cependant, la généralisation de cette approche nécessiterait des moyens
de calculs tres importants. Les méthodes et techniques de calculs nouvellement développées ainsi
que des études expérimentales dédiées en site réel apparaissent donc incontournables pour porter

cette démarche plus loin.

Mots-clefs:

Morphologie urbaine, Aérodynamique urbaine, Physique du batiment, Mécanique des fluides

numérique, Infiltrations d’air, Transferts de chaleur convectifs.
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Long Résumé

Cette thése a été réalisée au CETHIL-UMR 5008, sous la direction et Uencadrement de E KUZNIK
(Pr, CETHIL), G. RUSAOUEN (MCE CETHIL) et J. HANS (Dr, CSTB). Ont également participé a
Uencadrement de ces travaux J.J. ROUX (Pr, CETHIL) et S. SALAT (Dr, IMUSC).

Introduction

Le secteur du batiment représente 35% de la consommation d’énergie finale dans le monde
et ce ratio atteint 44 % en France (ADEME, 2013a; IEA, 2010). Dans le contexte actuel de raré-
faction des ressources naturelles et de crise environnementale, améliorer la sobriété et 'efficacité
énergétique des batiments et de nos villes se révéle étre un levier d’action des plus importants.
Par ailleurs, en France, plus de la moitié de la consommation énergétique de batiments est utilisée
pour garantir des ambiances intérieures thermiquement confortables (CEREN, 2014). S’il s’agit
principalement de chauffer les batiments, la climatisation a connu un tres fort développement ces
derniéres années, notamment du fait des fortes vagues de chaleur dont la fréquence augmente.
Bien que ne faisant pas appel a des solutions technologiques de pointe, mais reposant sur une
synergie entre le batiment et son environnement, la gestion bioclimatique des espaces batis et
urbains apparait ainsi comme une solution d’avenir pour répondre aux enjeux du développement
durable.

Dans ce contexte, 'étude exploratoire développée dans cette these pose les bases scientifiques
et méthodologiques d’'une approche transversale visant a étudier I'’énergétique urbaine et le bio-
climatisme. FElle fait appel a des concepts et des outils empruntés a I'architecture et I'urbanisme
d’une part, et a la physique du batiment et de la ville d’autre part. Cette these étudie plus par-
ticulierement les relations entre la morphologie urbaine et les processus aérodynamiques qui se
développent autour des constructions, ainsi que leurs effets sur la demande énergétique des ba-
timents induite par les infiltrations d’air et les échanges thermiques convectifs.

Cette these se compose de trois parties. Premiérement, les spécificités de 'aérodynamique et
de la physique urbaines sont synthétisées et la morphologie de tissus urbains réels est analysée.
Une typologie générique de batiments isolés et une autre d’ilots urbains en sont déduites. En sec-
ond lieu, le modele de mécanique des fluides numérique est validé par comparaison avec des résul-
tats expérimentaux et numériques détaillés. Des expérimentations numériques sont réalisées sur
les différents types morphologiques. Les écoulements moyens sont analysés dans leurs rapports
avec la morphologie batie, et la distribution des coefficients de pression (Cp) sur les facades des
batiments est analysée. Dans un troisieme temps, les échanges thermiques sont couplés aux pro-
cessus aérodynamiques. Une adaptation des fonctions de paroi relatives au transfert thermique
est alors proposée sur la base d’études existantes, et la distribution des coefficients d’échanges
convectifs (h.,,) sur les facades de batiments est analysée. La demande énergétique des bati-
ments due aux infiltrations d’air et a la transmission de chaleur au travers de leur enveloppe est
finalement estimée pour différents types morphologiques, et comparée avec les valeurs estimées
suivant une approche réglementaire.
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1. Bases de I’étude

1.1. Phénoménologie et cadre de la thése

Le comportement énergétique des ba-

T~ timents dépend fortement des condi-
' f tions ambiantales et donc des micro-
’ ICU climats locaux. Ces micro-climats dépen-
"""" - dent eux-mémes des interactions entre
\ les batiments et le climat urbain plus

général. Plus spécifiquement, les con-
------------ ditions thermo-aérauliques locales af-
fectent les transferts de chaleur au
travers de I'enveloppe des constructions
de par les transferts radiatifs et con-
vectifs spécifiques qu’elles créent, mais

également les infiltrations d’air et le

LLLLLF CLLES AL L] . . .
potentiel de ventilation naturelle des
batiments (Fig.a.). Réciproquement,

ICU llot de chaleur urbain les constructions affectent leur envi-
= > Transferts radiatifs (CLO / GLO) ronnement, en créant notamment des
S > Processus convectifs masques solaires et des circulations
B > Conduction, stockage de chaleur

aérauliques particuliéres. Ils participent
a. Micro-climats urbains et échanges thermo-aérauliques plus généralement & créer le phénoméne

entre le batiment et son environnement d’ilot de chaleur urbain (ICU).

Différentes études ont montré l'influence considérable de I'environnement urbain sur la demande én-
ergétique des constructions comparé a une configuration de batiment isolé (Allegrini et al., 2012b; Bouyer
et al., 2011). Les effets radiatifs sont montrés fondamentaux mais les effets liés aux circulations d’air, i.e.
les échanges convectifs et la ventilation naturelle, sont aussi des facteurs importants, surtout en saison
chaude. En effet, 'environnement urbain provoque en général une diminution des vitesses de vent du
fait de la présence de multiples obstacles, et conduit a des températures d’air plus chaudes, surtout en
soirée. S’ajoute a ces transferts de chaleur par convection et a la ventilation, les infiltrations d’air, dont la

connaissance et les effets sur le comportement énergétique des batiments restent aujourd’hui limités.

La connaissance des conditions aérauliques locales urbaines est donc une problématique scientifique a
fort enjeu, d’autant plus que la ventilation des espaces urbains semble étre un des moyens les plus efficaces
pour atténuer I'effet d'ICU (Givoni, 1998). Cependant, les phénomeénes en jeu sont trés complexes. Les ba-
timents sont en général des obstacles rigides a angles saillants qui engendrent des phénomenes complexes
de séparation d’écoulement aux arétes. Par ailleurs, des recirculations interagissant avec les structures
d’écoulement avoisinantes et aux différentes échelles, sont créées en fonction des propriétés générales de
la ville, mais également en fonction de la morphologie béatie locale. La connaissance des phénomenes con-
vectifs est d’autant plus complexe que la turbulence demeure encore aujourd’hui un probléme scientifique

ouvert.
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1 CAS D'ETUDE

‘ ETUDE NUMERIQUE

Validation du

modeéle \
Validation du

Morphologie urbaine et Aerodynamique du batiment: l ° :
architecture: identification des facteurs modéle thermique
Analyse morphologique morphologiques affectant les Etude numérique l
de tissus urbains existant  écoulements dans la canopée » des écoulements \ )
Etude numérique des
l coefficients

Distribution des d'échange convectif

Construction de typologies coefficients de pression

génériques de formes urbaines:
batiments isolés et flots urbains Estimation de la demande

énergétique due aux infitrations
d'air et transmission de chaleur au
travers de I'enveloppe des batiments

@ APPLICATION

»  Evaluation de l'impact de la morphologie urbaine <€
sur la demande énergétique des batiments due
aux conditions aérauliques locales

p. Méthodologie d’étude

L'objectif de cette these est d’apporter des connaissances relatives a I'influence de la morphologie batie
sur les mécanismes aérodynamiques et convectifs se développant en milieu urbain en régime de convection

forcée. Plus précisément, cette thése vise a apporter des éléments de réponse aux questions suivantes:

o Quelles sont les principales structures d’écoulement qui se développent aux abords des bdtiments en fonc-
tion de la morphologie bdtie?

o Comment ces structures d’écoulement particuliéres affectent-elles les sollicitations énergétiques des bdti-

ments dues aux infiltrations d’air et transferts thermiques convectifs?

D’un point de vue urbanistique, il s’agit donc d’étudier l'influence de la morphologie batie sur les con-
ditions aérauliques dans I'environnement proche des constructions afin de promouvoir une conception
intégrée des batiments et des quartiers. D’un point de vue physique, il s’agit d’analyser les processus
aérodynamiques se développant dans 'environnement proche des constructions et leur impact sur les sol-
licitations thermo-aérauliques de batiments. Pour ce faire une méthodologie transdisciplinaire composée

de trois blocs principaux a été développée (Fig 3.).

(1) Le premier bloc de travail inclut une analyse morphologique de tissus urbains traditionnels existant
situés sur différents continents. L'objectif est de mettre en évidence leurs points communs ou principales
différences, et éventuellement des stratégies bioclimatiques. Cette analyse se superpose a une identification
des principaux facteurs morphologiques affectant les structures d’écoulement dans la canopée urbaine
basée sur une revue détaillée de littérature, permettant ainsi la définition des cas d’étude. (2) Le second
bloc de travail, le plus conséquent, développe I'approche numérique. Il intégre les validations des modeles
aérodynamiques et thermiques, nécessaires a la réalisation des simulations, a I'’étude des structures 3D
d’écoulement et a I'analyse des distributions des Cp et h.,, sur les facades des batiments types dans leur
rapport a la morphologie batie. (3) Le troisieme bloc de travail utilise les résultats obtenus pour évaluer
la demande énergétique des batiments due aux infiltrations d’air et a la transmission de chaleur au travers
de I'enveloppe en fonction des structures d’écoulement identifiées et donc de la morphologie batie. Ces
résultats sont ensuite discutés dans leurs différences par rapport aux valeurs couramment estimées en

ingénierie physique du batiment.
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1.2. Construction des cas d’étude

L]
L]
L]

Topologie

Geometrie @5@

6. Parametres morphologiques affectant les structures

d’écoulement en milieu urbain a I’échelle du I'ilot.

Des tissus urbains tres divers existent dans
le monde, compte tenu des différents con-
textes climatiques et culturels régionaux. En
particulier, des tissus continus ou non, for-
més de blocs compacts ou articulés autour de
cours, aux tracés organiques ou orthogonausx,
ou présentant des granulométries homogenes
ou variées existent. Leurs formes baties peu-
vent étre étudiées objectivement en termes de
topologie, géométrie et de métrique (Fig. v),
permettant ainsi de tendre vers une classifica-
tion des formes (Burdet, 2011).

Pour étudier ces aspects morphologiques,
les échelles du quartier et de I'llot urbain sont
particulierement pertinentes. Ces échelles
sont également celles ol s’observent les pro-
cessus aérauliques affectant la demande én-
ergétique des batiments. Une revue bibli-
ographique détaillée des approches bioclima-
tiques des tissus urbains et des indicateurs
morphométriques urbains caractérisant ces
processus aérodynamiques a mis en évidence
I'influence de deux familles de facteurs mor-
phologiques sur le développement de struc-
tures d’écoulement particulieres: la rugosité
et la porosité (Fig. 6).

A I’échelle de I'ilot, la rugosité urbaine fait référence a des propriétés de distribution verticale des élé-

ments batis en termes de hauteur moyenne et d’ouverture au ciel des tissus. La rugosité urbaine affecte

donc les échanges entre l'intérieur de la canopée et 'air susjacent. La porosité urbaine fait référence a la

distribution et aux propriétés horizontales des vides urbains au sein de la canopée, c’est a dire aux pro-

priétés morphologiques conduisant a la création de circulations d’air privilégiées, de blocage des écoule-

ments et au développement de recirculations. Elle traduit donc des propriétés de continuité horizontale,

d’orientation et de taille des vides urbains, qui font directement référence aux caractéristiques topologiques,

géométriques et métriques permettant ’'analyse morphologique des tissus. C’est donc sur cette base de

critéres hiérarchisés que les différents tissus urbains' ont été analysés et abstraits afin de former les deux

typologies d’étude, chacune composée de cing types génériques.

Ltissus étudiés dans (Firley and Stahl, 2010; Salat, 2011).
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. Typologie générique d’flots urbains.

La typologie de batiments isolés intégre le cube, le pavé, le batiment en L, le batiment en U et le bati-
ment a cour / patio (Fig. €). Un progression peut étre observée du cube vers le patio: le bitiment voit sa
compacité diminuer au profit de '’émergence d’une cour intérieure. Par ailleurs, le cube et le patio sont les
négatifs 'un de 'autre. Cette typologie permet en particulier d’examiner les structures d’écoulement qui
se développent autour d’un batiment compact et leur altération par la présence de cours semi ou totale-
ment fermées. Les conditions aérauliques au sein d’une cour fermée, typique de nombreuses architectures
traditionnelles peuvent également étre mis en évidence.

La typologie d’ilots urbains intégre le réseau de cubes, les bitiments en bande, I'llot en U, I'llot fermé et
le réseau continu de batiments a cour (Fig. {). Une progression peut également étre observée du réseau de
cubes au réseau de patios: I'llot urbain, initialement traversant dans les deux directions du plan horizontal
voit les limites de son vide progressivement se refermer, et des cours intérieures émergent. Les réseaux
de cubes et de patios sont les négatifs 'un de 'autre et présentent les structures les plus fractales. Cette
typologie permet non seulement ’étude des écoulements se développant a l'intérieur des ilots, et plus
particulierement I’évolution des recirculations au sein des réseaux de constructions, mais également de
mettre en évidence 'effet de 'ensemble de la structure béatie sur les écoulements se développant autour de
Itlot.

Le fait que les cas d’étude soient génériques est restrictif. Cela implique de nombreuses simplifications,
notamment au regard du caractére orthogonal des formes et de leur faible rugosité. Cependant, ceci est
nécessaire afin de conserver leur représentativité et de pouvoir mettre directement en relation les formes
avec les flux étudiés. Par ailleurs, chaque type peut ensuite étre complexifié pour se rapprocher des formes

baties réelles, sans créer de nouveaux types tels que définis dans ce travail.
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2. Etude numérique de I’aérodynamique

2.1. Validation du modéle de dynamique des fluides

Lapproche numérique développée dans cette thése re-
pose sur la méthode dite “Steady RANS”. Le champ
moyen de vitesse est résolu alors que les effets de la tur-
bulence sont modélisés en se placant en régime perma-
nent. Cette méthode fait donc 'hypothése de 'existence
d’un champ aérodynamique moyen au sens de la décom-
position de Reynolds des équations de Navier-Stokes.
Cette approche nécessite l'utilisation de modéles de tur-
bulence, dont les principaux peuvent étre classés en
deux familles: ceux qui font I’hypothése d’une turbu-
lence isotrope (e.g. les modeéles type k-¢) ou qui pren-
nent en compte l'anisotropie de la turbulence (modéles
aux tensions de Reynolds, RSM). Si les modeles steady
RANS sont réputés efficaces pour de nombreuses utilisa-
tions industrielles et pour prédire les zones de grandes
vitesses en milieu urbain, ils sont en général incapables
de reproduire précisément les phénomenes transitoires
de séparation / réattachement et les recirculations des
écoulements. Cependant, 'objectif du travail n’étant pas
de prédire précisément les phénomeénes mais d’identifier
et comprendre les mécanismes en jeu en utilisant des
7. Configurations physiques étudiées pour ressources informatiques raisonnables, l'utilisation de
la validation du modéle ces modeles se justifie en premiére approche.

Afin d’évaluer les incertitudes sur les résultats de simulation et de définir leur domaine de validité, les
performances des modeles k-¢ réalisable (Rk-£) et RSM ont été évaluées par comparaison avec des données
expérimentales et numériques détaillées. Comme recommandé dans la littérature, trois configurations ont
été étudiées: un domaine vide, vérifiant la cohérence du profil de vent incident, un obstacle isolé a angles
saillants, i.e. un pavé, et une configuration multi-obstacles, en 'occurence un réseau de pavés (Fig. 7).
Chacune de ces configurations a été étudiée en soufflerie (CEDVAL, 2013) et a été reproduite par simulation
aux grandes échelles (LES) avec la méthode de Boltzmann sur gaz réseau (LBM) (Obrecht et al., 2014).

Les simulations RANS ont été réalisées avec le logiciel Ansys Fluent version 14.5 (Ansys Fluent, 2013b).
Le domaine reproduit la section test experimentale et le profil de vent incident a été modélisé par simulation
préliminaire d’'un long domaine vide. Des fonctions de parois standard modélisent le comportement de
I'écoulement proche des parois et les gradients longitudinaux sont supposés nuls en sortie du domaine. Les
parois verticales et supérieure du domaine ainsi que les faces des obstacles sont supposées non glissantes et
lisses, tandis que le sol est considéré rugueux ou lisse. L’analyse des résultats est faite pour le plan médian

vertical du domaine.
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6. Champs de vitesse moyenne pour l'obstacle isolé et le canyon. Haut: expérience; bas: simulation RSM.

Les résultats montrent qu'un profil de vent incident cohérent peut étre obtenu grace a la simulation
préliminaire d’'un tunnel vide suffisamment long et présentant les mémes conditions aux limites (sauf
d’entrée) que le domaine d’étude final. En effet, le profil de vent moyen obtenu correspond a celui de
I'expérience. En revanche, la modification des conditions aux limites (notamment de rugosité) entre la
simulation préliminaire et la finale engendre le développement de gradients longitudinaux. La couche
limite simulée n’est alors plus a I'équilibre, et le modéle numérique n’est souvent plus représentatif de la

physique a modéliser. Ceci peut impacter les structures d’écoulement simulées autour des obstacles.

Chacun des modeéles RANS reproduit les principales recirculations se développant autour de 'obstacle
isolé: le vortex amont, celle se développant a la séparation de ’écoulement de I'aréte supérieure amont
de l'ostacle et celle de derriere (Fig. 6 haut). Cependant, dans le cas rugueux, le modele RSM prédit la
recirculation amont légérement trop en amont et semble moins bien reproduire la recirculation supérieure
que le modele Rk-¢. En revanche, bien que prédite plus longue qu’observée expérimentalement, la recir-
culation arriere est mieux reproduite par le modele RSM que par le Rk-¢. Dans le cas lisse, les résultats du
modele RSM sont plus proches de ceux des simulations LBM LES que ne le sont ceux du modele Rk-¢.

L'analyse de ces résultats souligne également le manque de représentativité physique des exploitations
2D. Si elles sont plus faciles a quantifier, les données 2D ne permettent généralement pas de comprendre
correctement les écoulements 3D complexes se développant autour des obstacles. Une méthode d’analyse

3D est donc a développer pour pouvoir répondre a cet objectif.

Considérant le cas multi-obstacles, le vortex se développant dans le canyon est reproduit par le modéle
RSM mais pas par le Rk-¢ (Fig. 0 bas). Notons en outre que I'expérience rapporte un caractére forte-
ment instationnaire de '’écoulement, nécessitant des durées de moyennage importants. Ceci explique tres
probablement les résultats des simulations RSM. Si le modeéle reproduit le vortex, les profils de vitesse
moyenne ne se stabilisent pas en fonction du nombre d’itérations; et ce, quel que soit la résolution du
maillage. Ceci questionne la pertinence de I'utilisation courante des modeles de type steady RANS pour
I'étude d’écoulements urbains. Cependant, étant capable de reproduire les princiaux phénomeénes aérody-
namiques se développant autour d’obstacles a angles saillants, le modele RSM est retenu pour la suite de
I’étude.
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2.2. Etude des écoulements autour des cas d’étude

. Exemples d’écoulements moyens 3D
simulées pour types morphologiques basés

sur le cube et le patio.

Les expérimentations numériques ont été réalisées pour
les différents types morphologiques définis en se bas-
ant sur les conclusions de la phase de validation aéro-
dynamique et les recommandations de la littérature.
Compte tenu des dimensions des batiments et ilots ur-
bains, deux tailles de domaine ont été considérées. Le pro-
fil de vent d’entrée a été défini par simulation préliminaire
d’un long domaine vide au sol rugueux. La vitesse du vent
4 10m est de 4.3m - s~ L. Différentes orientations du vent
ont été testées suivant la symétrie des obstacles, mais tou-
jours avec une incidence perpendiculaire aux faces prin-

cipales du ceux-ci.

Les structures d’écoulement basiques, i.e. la recirculation
en fer a cheval, les recirculations se développant au niveau
des aretes amont de I'obstacle et le vortex aval en forme
d’arche, se développent autour du cube. Ces structures
d’écoulement se retrouvent également autour du batiment
patio, bien que modifiées. La recirculation arriere est
plus importante, principalement du fait de la plus grande
largeur de I'obstacle. Il en est de méme pour les autres ba-
timents présentant une large empreinte au sol extérieure.
En revanche, 'augmentation de la longueur des obstacles
tend a diminuer, dans une moindre mesure, la taille de la
recirculation avale. La présence d’'une cour crée des re-
circulations intérieures particuliéres, qui différent suivant
leur ouverture. Des vortexs en forme de tubes verticaux
peuvent apparaitre dans les cours amont des batiments en
L, alors qu'une recirculation relativement indépendante et
d’axe horizontal est formée dans le patio. Les structures
d’écoulement formées dans les cours situées sur les par-
ties avales des obstacles ou centrées en amont des bati-
ments isolés se confondent en général avec les circulations
“basiques” se développant autour des constructions, con-
duisant a une amplification ou une déformation de celles-
ci, notamment lorsque le batiment est assymétrique par
rapport a I'incidence du vent. Le réattachement ou non de
I’écoulement sur les faces des obstacles influe également

sur la forme du sillage proche.
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Toit

-0.63/-0.70
Coté Avant Coté Arriére
/ -0.54/+0.50 +0.52/+0.50 -0.54/-0.70 -0.24/-0.70
Toit
-0.34/-0.60
Coté Avant Coté Arriére
/ -0.30/+0.25 -0.23/+0.25 -0.30/-0.50 -0.31/-0.50

k. Distribution et Cp moyen par face pour le cube isolé ou non. Rouge: simulation; Bleu: standard.
Les grandes dimensions des cours des ilots en U ou a cour fermée conduisent généralement a la formation
de structures d’écoulement relativement indépendantes. Les vides traversant paralléles au vent induisent
des circulations d’air privilégiées tandis qu'un écoulement trés complexe est observé dans la rue canyon
formée par les batiments en bande placés perpendiculairement au vent. Dans les vides intérieurs protégés
du vent (derriere les cubes et dans les patios), des recirculations se forment. Leur forme varie en fonction de
leur distance a la limite amont de I'ilot. Si les structures d’écoulement se développant autour des cubes de
premiere ligne ressemblent beaucoup a celles observées pour le cas isolé, elles se déforment ensuite du fait
des masques aérodynamiques et des flux latéraux convergents. Des structures d’écoulement particulieres
se développent dans la premiére ligne de patios du fait de la formation d’une bulle de séparation supérieure
a Iéchelle du bloc. L'écoulement réattachant en aval, des recirculations proches de celle observée dans le
cas du patio isolé se développent ensuite.

La topologie et les dimensions des différents types morphologiques créent donc des structures d’écoule-
ment tres locales, et les recirculations sont en général de relativement faible vitesse. Cependant, la porosité

des structures baties peut engendrer quelques survitesses, notamment aux coins amont des obstacles.

La distribution des Cp a été évaluée pour le cube, le patio, le réseau de cubes ainsi que le réseau de
patios (exemples en Fig. k). Le développement de zones d’impact ou de recirculation sur les facades des
constructions conduit & des Cp moyens trés hétérogénes. D’aprées les résultats de simulation, seules les
faces directement au vent sont caractérisées par des Cp positifs, alors que les zones de séparation présen-
tent les dépressions les plus importantes. De forts gradients sont observés sur ces faces, particulierement
sur les toits des batiments exposés au vent. Les Cp a l'intérieur des patios sont fortement corrélés a ceux
observés au dessus, et sont relativement homogenes sur les différentes faces. Par contre, les Cp varient con-
sidérablement en fonction de la distance a la face avant des constructions. En effet, la bulle de séparation
formée sur la partie amont des constructions conduit a des Cp négatifs trés importants.

Ces résultats different de ceux qui peuvent étre dérivés de la RT 2012 (CSTB, 2012a). Convention-
nellement, la moitié des faces des batiments est caractérisée par des Cp moyens positifs et la diminution

de leur intensité n’est pas aussi importante que simulée lorsque des masques au vent sont présents.
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3. Effet du vent sur le bilan thermique des batiments

3.1. Etude des coefficients d’échange convectif extérieurs

coeur en
cuivre
epoxy
e=1.5mm

sol lisse

/ 0.05m
/ /
/

A. Configuration physique utilisée pour la validation
du modele thermique (bas Reynolds).

Entrée:
Couche limite atmosphérique a
I'équilibre, Tepyee= 10°C

N
Cube:
parois lisses, T,,=20°C

u. Cas test utilisé pour '’évaluation des fonctions de

paroi pour la température.

Un modéle de transfert thermique a été cou-
plé au modele aérodynamique dans Fluent.
La validation du modele aérodynamique ne
permettant pas de garantir la validité des
transferts de chaleur calculés aux parois,
une étude dédiée a été réalisée. Ni les trans-
ferts radiatifs ni la flottabilité ne sont con-

sidérés (convection forcée prédominante).

Premierement, la précision des modéles
RSM et Rk-¢ a été évaluée par compara-
ison des h., simulés avec des données
expérimentales (Meinders et al., 1999) et
numériques (Defraeye et al.,, 2010) de
référence pour un cube de 1.5 cm placé dans
une couche limite en développement (Fig.
A). Bien que peu représentatif des prob-
lématiques urbaines, ce cas d’étude permet
d’utiliser un modele bas Reynolds en proche
paroi, qui résout la couche limite.

Les modeles prédisent bien la distribution
de h,, sur la face avant de l'obstacle et de
facon satisfaisante sur la face arriére, ou
une légere différence entre les deux mod-
eles est cependant observée. En revanche,
les prédictions différent considérablement
entre elles et par rapport a l'expérience
sur les autres faces, ol les phénomenes de
séparation / réattachement se développent
physiquement. De plus, les profils de h,,,
simulés avec le modéle RSM ne se stabilisent
pas sur les faces latérales du cube, pour
lesquelles I'expérience rapporte, la encore,

des phénomenes fortement instationnaires.

Comme il est généralement impossible d’utiliser un modele bas Reynolds pour les problemes de physique

du batiment, une seconde étude a évalué la validité des fonctions de paroi pour la température couplées
au modele RSM ou Rk-¢. Pour ce faire, un batiment cubique théorique de 10m placé dans une couche
limite atmosphérique a été modélisé (Fig. u), et les résultats comparés avec des résultats numériques de
référence obtenus avec le modele Rk-¢ et une approche bas Reynolds (Defraeye, 2009).
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Les simulations mettent en évidence une sur-estimation considérable des h, ,, prédits par les fonctions
de paroi standard, confirmant les résultats de la littérature. Cependant, il est possible de modifier celles-ci
afin de se rapprocher des résultats de modélisation bas Reynolds. En particulier, une bonne correspondance
est obtenue en modifiant la valeur de Pr, ,, de 0.85 par défaut a 1.95 avec un modele k-¢ (Defraeye et al.,
2011a). Ceci ne permet cependant pas d’obtenir des prédictions satisfaisantes avec le modele RSM. Une

optimisation du Pr, ,, a donc été réalisée, montrant une bonne performance du modele pour Pr,,, = 1.55.

Les simulations couplées ont ensuite été réalisées pour le cube, le patio, le réseau de cubes et le réseau
de patios en intégrant cette fonction de paroi adaptée pour la température. Une différence de 5°C entre
la température d’air de référence et les parois des types est considérée (cas de convection forcée). Le
developpement de zones d’impact ou de recirculation derriere les constructions conduit a des distributions
de h.,, trées hétérogénes. D’apres les résultats de simulation (exemples en Fig. ), les faces directement
au vent présentent les h, ,, les plus importants, alors que les zones sous le vent présentent les h ,, les
plus faibles, de I'ordre de la moitié de ceux observés pour les faces avant. Les valeurs de h,,, a l'intérieur
des patios sont similaires a celles observées pour les faces arriéres des constructions, ce qui s’explique par
le développement de recirculations de grande taille. Par ailleurs, la distribution de h,,, est relativement
homogéne sur les différentes faces de la cour a 'exception de la partie supérieure de la face au vent.
Cette homogénéité s’observe également pour les différents patios du réseau de patios. Au contraire, des
variations de h ,, moyen sont observées a au sein du réseau de cubes, particulierement entre les faces avant

et arriere des cubes, la ligne de cube de téte se comportant de facon relativement similaire au cube isolé.

Ces résultats different de ceux qui peuvent étre généralement dérivés de la RT 2012 (CSTB, 2012b).
En effet, ne disposant généralement pas d’'information sur la vitesse de vent local, les h,,, moyens sur les
surfaces sont souvent estimés en considérant U;,. Cette simplification conduit a une estimation uniforme
des h, ,, sur toutes les fagades des constructions qui s'avere par ailleurs étre plus élevée que le plus grand

h. ,, moyen simulé pour les faces au vent.
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3.2. Effets du vent sur la demande énergétique des bdtiments due aux infiltrations d’air et trans-

mission de chaleur au travers de Uenveloppe
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Afin d’évaluer l'effet des conditions aérodynamiques lo-
cales induites par les formes baties sur le bilan thermo-
aéraulique des constructions, la demande énergétique
de chauffage due aux infiltrations d’air et transmission
de chaleur au travers de ’enveloppe de batiments a été
évaluée pour une différence de température de 10°C.
Des batiments cubiques ou a cour, isolés ou non, con-
stitués uniquement de parois opaques et présentant de
bonnes ou mauvaises performances (isolation thermique
et d’étanchéité a l'air) ont été étudiés. Pour ce faire, les
méthodologies proposées par les annexes de la RT 2012
ont été appliquées en considérant les Cp et h,,, déduits
des simulations ou leurs valeurs classiques. Les deman-
des énergétiques ont été estimées en effectuant le bilan
de masse (Fig. 7) et de chaleur (Fig. &) des volumes in-
térieurs, considérés a température et pression constantes
et uniformes.

La demande énergétique ramenée a l'unité de surface
de plancher d’'un batiment non isolé et perméable a I'air
est d’'un ordre de grandeur supérieur a celle d'un ba-
timent performant. La part liée aux infiltrations d’air
est en général plus faible que celle liée a la transmis-
sion de chaleur, mais sa contribution est relativement im-
portante pour les batiments bien isolés thermiquement.
Si les batiments bien étanches a l'air sont caractérisés
par une demande énergétique liée aux infiltrations tres
faible, celle-ci, tout comme celle estimée pour des bati-
ments perméables a l'air est tres dépendante des condi-
tions de pression sur les facades. D’aprés les simulations,
passer d’une configuration de cube exposé a protégé du
vent peut réduire la demande énergétique liée aux infil-
trations d’air de plus de 80%. De facon générale, la con-
sidération des valeurs standards de Cp au lieu des valeurs
simulées conduit a une estimation plus importante des
débits d’infiltration. De plus, compte tenu de la distri-
bution conventionnelle des Cp et de leur plus faible ré-
duction induite par la présence de masques, cette diminu-
tion des débits d’infiltration est estimée moindre en suiv-
ant une approche standard.
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I'enveloppe des cubes et patios isolés ou non. Bleu: infiltration d’air; rouge: trasmission de chaleur.

La transmission de chaleur au travers des parois est peu sensible aux différences de coefficients d’échanges
convectifs, voire méme insensible dans le cas de batiments fortement isolés thermiquement. La demande
énergétique liée aux pertes thermiques par conduction / convection au travers des parois opaques est es-
timée constante, et plus importante que simulée, par 'approche standard du fait de la valeur supposée
unique de h . Les différences observées entre le patio isolé ou non sont liées a la diminution de la surface

active d’enveloppe entre les deux types.

Ainsi, la demande énergétique liée aux infiltrations d’air est trés dépendante des conditions aérody-
namiques locales qui dépendent de 'environnement bati, i.e. exposition ou masque au vent, alors que les
transferts de chaleur par transmission au sein des parois y sont peu voire pas sensibles (Fig. @). Ceux-ci
dépendent directement de la surface active de I'enveloppe. Cependant, les différences d’échanges convec-
tifs seraient certainement estimées plus importantes si des parois vitrées et des systémes actifs intégrés aux

facades étaient considérés.
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Conclusions et perspectives

Les résultats de cette these mettent en évidence les effets des propriétés topologiques et
métriques des batiments et ensembles bétis sur le développement de recirculations d’air au-
tour des constructions. Les conditions aérodynamiques en résultant induisent une distribution
et intensité hétérogenes de Cp et h.,, sur les facades des batiments. Ces conditions influent no-
tablement sur le comportement thermique des batiments non isolés et perméables a I'air. Par
ailleurs, I'estimation de leur demande énergétique différe de fagon substantielle suivant si celle-
ci est basée sur les valeurs simulées ou standard de Cp et h,,,. Cependant, si 'on s’intéresse
a la contribution relative de la structure batie, I'influence des conditions aérodynamiques sur la
demande énergétique des batiments apparait relativement plus importante pour les batiments
isolés thermiquement. Selon les résultats de simulation, la différence entre la demande énergé-
tique, rapportée a l'unité de surface de plancher, due aux infiltrations d’air et pertes thermiques
au travers de 'enveloppe peut varier de 18 % a 47 % suivant si le batiment est isolé ou situé dans

un environnement bati.

Ainsi, la méthodologie que cette thése développe integre différents facteurs de 'environnement
urbain (morphologie, vent) pour en étudier leurs effets mutuels dans un souci de développement
urbain durable. Les résultats obtenus soulignent I'intérét de développer une telle approche in-
tégrée et détaillée relevant de la physique urbaine pour mieux comprendre le comportement

énergétique des batiments.

Cependant, la généralisation de cette approche nécessiterait des moyens de calculs trés im-
portants. Par ailleurs, la méthodologie développée dans ce travail implique de nombreuses sim-
plifications, en termes de physique (batiments types orthogonaux constitués de parois opaques
lisses et uniformes, convection forcée, direction et vitesse du vent imposée, etc.) et de modéli-
sation. En effet, les méthodes steady RANS utilisées, y compris celles intégrant un modele RSM,
ne permettent pas reproduire précisément les recirculations et ne prédisent pas les phénomenes
instationnaires. Or, ces phénomenes sont primordiaux dans la définition des Cp et h.,, sur les
facades des constuctions. De méme, si les transferts convectifs ont été estimés a 'aide d’une fonc-
tion de parois adaptée pour la température, celle-ci n’a été validée que pour les faces avant (et
arriere) de constructions isolées. Elle ne garantit pas la précision des transferts convectifs estimés

sur les autres faces ou dans d’autres configurations.

Ainsi, si 'étude exploratoire développée dans cette thése a permis de répondre aux objectifs
de recherche initiaux, a savoir mettre en évidence et mieux comprendre certains phénomenes
physiques se développant en milieu urbain et leur potentiel impact sur le comportement thermo-
aéraulique des batiments, des méthodes de calculs plus détaillées seraient nécessaires pour garan-
tir des résultats plus précis. Cependant, ce type d’étude nécessiterait des moyens informatiques
trés importants. Les méthodes et techniques de calculs nouvellement développées ainsi que des
études expérimentales dédiées en site réel se révélent donc étre incontournables pour porter cette

démarche plus loin.
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—— Principales contributions de la theése

o Construction de deux typologies génériques de structures baties basées sur une
analyse détaillée des principaux facteurs affectant les processus aérodynamiques

moyens a I’échelle de I'llot urbain.

o Identification de structures d’écoulements 3D se développant en fonction des pro-

priétés morphologiques des structures baties.

o Mise en évidence de la distribution des Cp sur les facades batiments en fonction

des écoulements 3D locaux.

o Développement d’une fonction de paroi pour la température adaptée au modéle
RANS RSM en régime permanent.

o Mise en évidence de la distribution des h, ,, sur les facades batiments en fonction

des écoulements 3D locaux.

o Estimation de l'influence de la structure bétie sur les sollicitations thermiques du
batiment liées aux écoulements locaux en termes d’infiltration d’air et d’échanges

convectifs.

o Estimation de l'incertitude liée a I'utilisation de valeurs standard de Cp et h,, lors
de 'estimation de la demande énergétique des batiments due aux infiltrations d’air

et transmission de chaleur au travers de I'enveloppe.
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Nomenclature

Subscripts
c convective
w wall
F—R front-rear
F—-S front-side
Ww—Lw windward-leeward
H horizontal
\% vertical
conv transmission
inf infiltration
m? per surface unit
tot total
insul insulation
conc concrete

Dimensionless numbers

AT L3 p?
Gr Grashof number gﬁ—cp
u2
U
Ma Mach number u
c
UXxL
Re Reynolds number c
%
T—T L
Ri Richardson number M
U
T, —Tp) p C G4 K1/
T* Dimensionless temperature (T, —Tp)p u p
Qw
puZ
z" Dimensionless wall unit Tf
o Cl/451/2,
z* Dimensionless wall unit based on k “w p P
u

li
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Introduction

Context: complex-cities and environmental problems

Cities are almost artificial environments that are built in given natural contexts. Their shape and
development are determined by the combination of different interacting factors. In particular, the
natural context defines the overall geographical and climatic conditions in which they can evolve.
It also determines the amount of available resources that could be transformed and used by cities
to work, and the potential to clean wastes. Urban activities and the city’s life create internal
and external fluxes as well as tangible objects. These fluxes can be material or immaterial and
urban objects may be consumer goods, industrial and mobility facilities, or dwellings and other
buildings. These products of human activities, and more generally the urban development, are
fostered by the demographic, social, economic, technical and technological evolutions and are
constrained by the available natural resources.

Between 1970 and 2013, the world population has been nearly multiplied by a factor two to
reach 7.2 billion people. Predictions forecast a 33.3 % additional increase by 2025 (INSEE, 2012).
In parallel, the urban population has significantly grown. In 1990, 2 out of 10 people lived in
urban areas and in 2010, the ratio overcame 5 out of 10. The urban population is expected to
double in 2050, with 6.4 billion of citizens instead of 3.4 billion (WHO and GHO, 2013). This fast
and important growth of urban population involves a significant increase of the energy needs and
natural resources consumption, as well as heat releases, waste production and green-house gas
(GHG) emissions. This also substantially affects urban micro-climates. These modifications give
rise to major problems as the increased environmental footprint of cities is very likely to impact
on the global warming. According to the GIEC (2013), an increase of about 0.75°C of the mean
temperature at the surface of the Earth was observed between 1950 and 2005. This trend is even
more worrying as scenarios expect another 0.5 to 3.7 °C increasing of the Earth surface temper-
ature between 2005 and 2100. These warmer temperatures intensify in turn environmental and
urban risks.

The building sector holds for 7.8 % of the total GHG emissions, non considering the emission
from the electricity use (data 2004 (IPCC, 2007)) and for 35% of the world final energy con-
sumption (data 2010, (IEA, 2010)). In France, the residential / tertiary sector represents 22 %
of the CO, emissions (data 2011, (ADEME, 2013b)) and 44.5 % of the final energy consumption
(data 2012, ADEME (2013a)). These data place buildings at the first energy consumption sector,
on top of other consumption posts such as transports and industries. As this energy is mostly used
to provide comfortable indoor conditions, an integrated design and retrofitting of built areas is a
key point of any energy saving and GHG emission reduction strategy.

These environmental issues, and more generally sustainable urban development challenges,

1
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Introduction

are not only critical to Western European and Northern American countries. In developing coun-
tries, the number of urban residents is forcasted to at least double between 2009 and 2050,
whereas it is expected to remain stable in high income countries (WHO and GHO, 2013). More-
over, the artificial air conditioning is often not possible in these countries due to economic con-
straints. Hence, urban environmental and energy challenges are also of uttermost importance in

developing countries, which are places of a very fast urban growth.

Background and motivation: toward sustainable cities

Following the Kyoto protocol (1997), the “20-20-20 target” (2007) translates the European envi-
ronmental goals in terms of climate change mitigation and energy consumption reduction. The
key objectives for 2020 are a 20 % reduction of the GHG emissions in comparison with 1990, a
20% increase of the energy consumption issued from renewable sources, and a 20 % improve-
ment of the energy efficiency (European-Comission, 2014). In order to reach this last objective,
the energy efficiency plan and directive was created in 2011. It emphasizes the necessity to act
on lowering the energy consumption in the construction sector and to implement strategies for
reducing the final energy consumption in buildings (European Union, 2011).

In France, the application of the European “20-20-20 target” extends the factor 4 commit-
ments undertaken in 2003. As GHG significantly affect the global warming, the aim was to divide
by a factor 4 their emissions in 2050 in comparison with 1990. Concerning the building sector,
regulations were established to promote building energy efficiency and reduce the building to-
tal energy consumption by 30 % in 2050. In particular, the recent thermal regulation 2012 (RT
2012) fixes ambitious objectives in terms of building energy efficiency and conservation. A thresh-
old value of 50kWh-m™2-an™! for the primary energy consumption was set for new residential
buildings (MEEDDM, 2010). However, the related indicators of building energy performance are
often understood as absolute measures of the building energy efficiency. But, in built-up areas,
its effective efficiency is very dependent on the adequateness of its design with its immediate
environment. The interactions between sun beams, air flows and buildings determine to a large
extent the very local micro-climatic conditions, which define in turn the effective thermal and aer-
aulic solicitations that act on the building envelope. These conditions can substantially change
the building thermal behavior from one configuration to another, especially in urban contexts.

Furthermore, the urban growth and public awareness to environmental problems give rise
to new contexts for urban developments. The development and retrofitting of urban areas to-
gether with the increase in urban densities make current design practices evolve. Sustainable
neighborhoods that include comfortable outdoor spaces are yet increasingly considered rather
than only isolated buildings. This trend is well illustrated by the increasing number of new eco-
neighborhoods. From a bio-climatic and energy points of view, their integrated design implies to
work simultaneously with the natural phenomena, their modifications by the urban context, their
effects on the thermal behavior of buildings and the energy management. Designing effective
energy efficient urban areas and buildings requires thus to understand the interplay between the
very local micro-climatic phenomena and the buildings heat and mass fluxes.

2
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Study overview

Aiming at promoting energy efficient buildings and urban environments, the issues outlined above
are central concerns for the Building physics group of the CETHIL? and the Energy and environ-
ment department of the CSTB.? Both research teams work on several aspects of the building
thermal behavior and develop methods, models and tools to study, design, retrofit and manage
buildings in order to improve and assess their operative energy performance. For this purpose,
realistic boundary conditions are needed to accurately integrate the different physical exchanges
of buildings and understand their thermal and aeraulic behaviors. The knowledge of the physical
processes occurring at the building interface is therefore required. This implies to understand
the interactions between buildings and the physical phenomena that develop at the upper scales
of the urban block and the city, which are highly affected by the urban three dimensional (3D)
morphological properties.

This CETHIL / CSTB work aims at investigating how urban structures affect the very local
urban micro-climatic conditions. It focuses on the aerodynamic phenomena and convective heat
transfers that develop in the vicinity of buildings envelope and in their close environment. As
outlined in Fig. 1 among the other urban micro-climatic factors, this work especially addresses
the effects of the urban morphological properties on the developing air flow structures, and their
coupling with the building ventilation potential, infiltration and thermal loads.

An original approach linking distinct disciplines, namely urban planning and architecture, as
well as urban and building physics, is designed and implemented in this study. This exploratory
study more precisely links concepts and tools from the urban morphology analysis, environmental
wind engineering and building physics. Numerical experiments are undertaken on generic urban
structures that have been specifically designed for this purpose. The actual objective is to identify
the mean air flow patterns that develop around buildings according to the surrounding urban
design and to assess the related infiltration and convective heat exchanges.

This thesis is structured into three main parts. The first part lays the foundations of the study.
The physical processes of interest are reviewed, the problem and the methodology are detailed
and the design of the case studies is reported. The second part addresses the aerodynamic study;,
which is carried out by means of computational fluid dynamics (CFD) simulations. The validation
study is developed and the mean flow fields around the different case studies are analyzed. The
third part deals with the impacts of urban aerodynamics on the building energy loads. Building
convective heat transfers are studied using a coupled computational approach. The validation of
the model is described, and the building convective heat exchanges are examined. The effects of
the urban flow patterns on the building energy loads due to air infiltration and convective heat
losses are then discussed. Finally, the main results as well as the perspectives of this work are
synthesized in the conclusion.

2CETHIL: Center for thermal and energy sciences of Lyon, http://cethil.insa-lyon.fr/

3CSTB: French scientific and technical center for buildings, http://www.cstb.fr/
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Figure 1: Interactions between natural and anthropogenic factors contributing to the develop-
ment of complex aerodynamic and thermal processes in cities: effects on urban micro-climates,
citizen’s health and well being as well as building energy loads.
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Chapter 1

Phenomenological foundations and outline of the
thesis

This chapter presents the prerequisites of the current study. The main physical structures and
processes involved in the determination of urban micro-climates are briefly reviewed. Urban
physics is introduced as the engineering discipline studying these phenomena, along with building
physics. On this basis and considering the current environmental and energy challenges, the
scope, problem and methodology of the thesis are outlined.
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Part I: Fundamentals and preliminary work
Ch.1: Phenomenological foundations and outline of the thesis

1.1 Phenomenological background

1.1.1 The atmospheric and urban boundary layers

The lower part of the atmosphere is called the planetary boundary layer (PBL) or atmospheric
boundary layer (ABL). It extends from the ground up to 10? to 10°m depending on the atmo-
spheric stability. There, air flows are disturbed by the Earth surface on a diurnal time scale as
thermal and mechanical processes develop due to the sun heating and friction on the Earth sur-
face. The ABL is characterized by its turbulent behavior and the vertical mixing that occurs.
These properties differ from those of the above free atmosphere, where geostrophic winds are
almost laminar and horizontal. As less thermally induced turbulence phenomena occur, the ABL
is generally thinner by night (Blocken, 2014b; Oke, 1987).

The urban boundary layer (UBL) develops within the ABL when air flows from the countryside
encounter an urban area. It modifies the ABL properties as an internal boundary layer develops.
Wind experiences a vertical motion when impinging on and flowing over buildings and other
urban obstacles, and the air is generally heated because of urban higher temperatures. This can
lead to the formation of a dome over the city. By daytime, these processes increase both the
mechanical and thermal convection (Oke, 1987).

Fig. 1.1(a) shows the two main layers that compose the UBL (Oke, 1987). The upper one is
called the mixing layer. Due to the fact that the effects of natural convection decrease slower with
height than those of forced convection, this layer is dominated by thermal processes, especially

during daytime.

The lower part of the UBL, about 10 % of its depth, is called the surface layer. It is located near
the ground and directly undergoes the effects of the underlying urban elements. Due to the urban
obstacles and increased roughness, the flow experiences a relatively large drag force (Britter and
Hanna, 2003), which decreases the horizontal wind speed. As a consequence and on average, a
lower horizontal wind speed is observed inside and above cities as compared to the countryside
wind speed at the same height. However, when regional winds are weak, a thermally induced
upwards air motion can develop above the city, which could initiate a centripetal air motion from
the countryside.

In a surface layer and according to the Monin-Obukhov’s similarity theory, the horizontal mean
wind flow profile can be modeled by a logarithmic law,! which depends on the roughness of the
Earth surface and the atmospheric stability (Britter and Hanna, 2003; Oke, 2006b), as follows:

* _
Uz) =% xIn (2 %D +xpM5) (1.1)
K 20 L

n this equation ¥,, is a dimensionless function representing the modification of the wind profile curvature away
from the neutral profile (stable or unstable conditions), and L is the Obukhov’s stability length, whose formulation
is: L = —u"/[x(g/0,)Qy], with g the gravitational acceleration, 6, the virtual potential temperature and Q, the
turbulent sensible heat flux (Oke, 2006a).
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U urban A
U open country ;J rural ZO. urb? Zq
0, rural
Z,, open
> N . Lot ,Zd .
N | /2 i ’)
s ¥ L | 2‘ P ‘9. .
Country Suburbs City

Figure 1.2: Mean wind profile depending on the land use. (Based on (Blocken and Stathopoulos,
2013; Oke, 2006a), and (Gandemer, 1976) cited in (Bouyer, 2009))
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Part I: Fundamentals and preliminary work
Ch.1: Phenomenological foundations and outline of the thesis

U(z) : the horizontal mean velocity at height z [m-s™!],
u* : the friction velocity [m-s™1],

k = 0.418 : the von Kdrman constant,

% : the height [m],

with: 3
2o : the roughness length, depending on the terrain roughness class (see Tab. 1.1) [m],
zp : the surface displacement length, depending on the surface properties [m],

Z . . . . .
W), — : the universal dimensionless function, which accounts for the effects of the

atmospheric stability.

In a neutrally stratified surface layer, i.e. without significant effects of thermal processes, the
universal dimensionless function equals zero. As a consequence, the formulation of the mean

wind profile is simpler (Britter and Hanna, 2003):

U(z)=u£><ln (Z_ZD) (1.2)

29

U(z) : the horizontal mean velocity at height z [m-s™!],
u* : the friction velocity [m-s™1],

) K : the von Kdrmdn constant,

with: <
% : the height [m],

2o : the roughness length [m],

(zp : the zero displacement height [m].

The logarithmic formulation of the ABL wind profile was mainly used by meteorologists and
benefits from a theoretical background. However, engineers used to consider a power law profile
to model the ABL wind profile under neutrally stratified atmospheric conditions:

a
b4
U(z) = Uy X (—) (1.3)
zref
U,.s : the horizontal mean velocity at height z,..; [m - s71],
with: { 2, : the reference height [m],

a : the power law exponent, depending on the terrain type (see Appendix A).

This formulation is still often used as in the ASHRAE (2005).

Due to the modification of the bottom boundary condition in cities as compared to an open
rural configuration, the logarithmic law that describes a countryside wind profile is altered. The
profile concavity is generally lower over cities as friction increases, and the profile intercept is
higher. This means that the theoretical height of zero wind speed is located above the ground level
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1.1. Phenomenological background

because of the roughness elements. Turbulence intensities are also higher. These modifications
are generally translated by a higher value of the displacement height z, as well as the roughness
length z, 2 (Oke, 1987), as shown in Fig. 1.2. The correspondence between the values of z, and
the type of terrain,® i.e. the type of country or city, is given in the Davenport’s classification, which
has been modified by Wieringa et al. (2001). This revised classification includes more data about
rough and inhomogeneous rural and urban areas. This classification is given in Tab. 1.1. For an
open rural landscape z, equals 0.03 m, whereas for a chaotic and densely built-up area such as
a city center, z, may exceed 2m. Appendix A gives another classification of terrain types, which
are related to a. For an open landscape a = 0.1 and for a densely built city a = 0.33. Similar to

29, the value of a increases with roughness.

As shown in Fig. 1.1(b), the urban surface layer can itself be divided into three main sub-layers
(Oke, 1987):

o the urban inertial sub-layer (ISL);
o the urban roughness sub-layer (RSL);

o and the urban canopy layer (UCL).

The ISL is the highest layer. It makes the transition between the inner and the outer surface
layer. This layer is also called equilibrium boundary layer as the mean flow is horizontally homo-
geneous and the Reynolds fluxes are constant. In this area, the flow has adapted to the integrated
effects of the city (Britter and Hanna, 2003) and behaves as if it was streaming over an homoge-
neous surface. The profiles of the mean flow and other atmospheric physical variables follow the

theoretical logarithmic law (Barlow and Coceal, 2009).

The RSL extends from the ground to typically three or five times the building height depending
on the urban configuration (Barlow and Coceal, 2009). The rougher the urban area, the thicker
the RSL. In this sub-layer, the flow is not horizontally homogeneous and is affected by wake inter-
ference. The flow is still adjusting to the effects of urban elements. Turbulent diffusive processes
are important for heat and momentum transfers (Oke, 1987). For a relative homogeneous canopy,
the maximum shear stress is observed around the mean building height. It decreases then down
in the UCL. When the roughness is increased, the maximum shear stress is reduced, and occurs
higher than the mean building height (Britter and Hanna, 2003). Note that different studies
showed that a logarithmic law can model the horizontally averaged properties of the flow in this
layer down to 1.5 or 1.8 times the mean building height (Britter and Hanna, 2003; Cheng and
Castro, 2002; Kastner Klein et al., 2000).

2%, represents the height of the equivalent ground surface, where the mean momentum sink for the flow is located.
Not considering zj,, 2, corresponds to the height where the theoretical mean wind speed is zero. A greater value of
2, translates the increase of turbulence intensity as well as the frictional influence due to the surface properties. z,
increases with urban density up to a maximum. It decreases then because the interference between individual wakes
smoothes the turbulence production (Oke, 1988). For rough and densely built cities, z, corresponds to the additional
roughness provided by tall elements (Grimmond and Oke, 1999).

A representation of the evolution of zj, and z, against the urban density is given in Appendix B.

3The term landscape is also often used in literature instead of terrain.
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Rough. class

| 7o (m) |

Landscape description

1. “Sea”

0.0002

Open sea or lake (irrespective of wave size), tidal flat, snow cov-
ered flat plain, featureless desert, tarmac or concrete, with a free
fetch of several kilometers.

2. “Smooth”

0.005

Featureless land surface without any noticeable obstacles and with
negligible vegetation, e.g. beaches, pack ice without large ridges,
marsh and snow covered or fallow open country.

3. “Open”

0.03

Level country with low vegetation (e.g. grass) and isolated obsta-
cles with separations of at least 50 obstacle heights; e.g. grazing
land without wind breaks, heather, moor or tundra, runway area
of airports. Ice with ridges across-wind.

4. “Roughly
open”

0.10

Cultivated or natural area with low crops or plants cover, or mod-
erately open country with occasional obstacles (e.g. low hedges,
isolated low buildings or trees) at relative horizontal distances of
at least 20 obstacle heights.

5. “Rough”

0.25

Cultivated or natural area with high crops or crops of varying
height, and scattered obstacles at relative distances of 12 to 15
obstacle heights for porous objects (e.g. shelterbelts) or 8 to 12
obstacle heights for low solid objects (e.g. buildings). Analysis
may need zp.

6. “Very rough”

0.5

Intensively cultivated landscape with many rather large obstacle
groups (large farms, clumps of forest) separated by open space of
about 8 obstacle heights. Low densely planted major vegetation
like bushland, orchards, young forest. Also, area moderately cov-
ered by low buildings with inter-spaces of 3 to 7 building heights
and no high trees. Analysis requires zp,.

7. “Skimming”

1.0

Landscapes regularly covered with similar size large obstacles,
with open spaces of the same order of magnitude as obstacle
heights; e.g. mature regular forests, densely built-up area with-
out much building height variation. Analysis requires zp,.

8. “Chaotic”

City centers with mixture of low rise and high rise buildings or
large forests of irregular height with many clearings. Analysis by
wind-tunnel advised.

Table 1.1: Updated Davenport’s classification of effective terrain roughness: Increase of the aero-
dynamic roughness length value (z;) from flat and smooth landscapes to densely built and chaotic
urban areas. (From (Wieringa et al., 2001))
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1.1. Phenomenological background

The UCL is the lower sub-division of the urban surface layer and is more specifically studied
in this thesis. Its height is typically the building’s height. Inside, the averaged wind speed is more
uniform than above, except near the ground, where the wind speed is zero (Britter and Hanna,
2003). Air flows are locally affected by the urban 3D and morphological properties and can be
significantly influenced by local thermal processes as well. The physical phenomena that develop
are complex, with small time scales. For very dense cities, turbulence may be produced at the top
of the canopy, where the above flow interacts with building roofs. Turbulence is then advected
downwards in the UCL. When the flow through the canopy generates turbulence, the effective
turbulence level in the UCL is comparable to that above (Britter and Hanna, 2003).

The complex and interacting micro-scale processes that operate between the different rough-
ness elements of the UCL determine its climate (Oke, 1987). As these very local processes are
conditioned by their immediate environment, a wide diversity of very local micro-climatic condi-

tions are produced.

In case of forced convection, the interactions between the mean flows and urban obstacles lead
to the mechanical development of turbulence and intricate aerodynamic phenomena. Separated
and reversed flows, wakes and other recirculation phenomena around each building interfere
with those of other buildings and more or less interact with the above flow (see Sec. 1.2.3).
These specific aerodynamic conditions induce different ventilation regimes, which alter urban

heat transfers and pollutant transport.

In case of mixed or natural convection, i.e. when thermal effects are substantial, buoyancy
yields thermally induced air motions and turbulence development. In these cases, differences in
air densities due to temperature gradients contribute to drive the flow. This may generate new
vortices and modify the flow and temperature fields within the UCL, especially in low wind speed
zones. It can thus affect the urban internal and external heat and mass fluxes. On larger scales,

it can modify the stability of the boundary layer.

1.1.2 The urban energy balance

The energy balance of a given urban surface is basically obtained by summing up all the energy
input and output fluxes as well as the change of energy storage that occur within it. The urban
surface is understood here as an active surface, i.e. as a “layer where the majority of the energy
is absorbed, reflected and emitted, where the main transformations of energy and mass occur,
where the precipitation is intercepted and where the major portion of drag on air flow is exerted”
(Oke, 1987). As a consequence, the urban surface is thick and encompasses an urban fragment

with some part of its underlying ground* and above air (see Fig 1.3).

According to Oke (1987) and Britter and Hanna (2003), the following input and output fluxes
determine the surface energy budget:

“The part of the ground generally considered goes from the ground surface down to 1 to 2m deep. This corresponds
to the depth of the ground that experiences significant diurnal variations.
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Figure 1.3: Physical heat fluxes contributing to the urban energy balance. (Adapted from (Oke,
1987))

o the all-wave net radiative flux (Q*), which includes the incoming short-wave radiation from
the sun as well as the long-wave radiation exchanges between urban surfaces and the sky

and the atmosphere;
o the anthropogenic heat fluxes that are produced by citizens’ activities (QF);

o the relative loss of sensible heat due to the vertical turbulent heat flux (Qg), which cools
down the surface layer during the day;

o the vertical latent heat loss due to evaporation (Qy), which cools down the surface layer;

o the net change in heat within the surface layer (AQg), due to the energy storage or dis-
charge in or from the ground, building materials and air volume;

o and the net horizontal advected flux of sensible and latent heat (AQ,), due to winds.

On this basis, the expression of the urban energy balance is given by (Oke, 1987):

Q* : the net all-wave radiative flux,

Qr : the anthropogenic heat flux associated with combustion,
) Qp : the turbulent sensible heat flux,

with:
Qg : the turbulent latent heat flux,

AQg : the storage of heat in urban materials and the air,

| AQ, : the net horizontal advected flux of sensible and latent heat.

The urban energy balance varies on a diurnal time scale and depends on the surrounding
environmental and meteorological conditions as well as the urban features of the volume consid-
ered. On the one hand, external relative inputs are conditioned by the regional climate, which
is modified by the prevailing meteorological conditions as well as the surrounding topography
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1.1. Phenomenological background

and land use. The corresponding boundary conditions determine the total amount of sunlight,
radiation, moisture and winds that enter or leave the urban surface. On the other hand, the fluxes
that develop inside the volume involve convective and radiative exchanges between the buildings,
other urban surfaces and their environment, as well as heat storage in thermal masses and latent
heat transfers. Anthropogenic factors come in addition to these physical exchanges by generally

creating extra heat and moisture sources.
These energy internal fluxes depend on three main urban factors:®

o the shape and relative layout of buildings and open spaces;
o the design and thermal properties of urban materials and greenery;

o and the building heat losses as well as other anthropogenic heat and mass releases.
Tab. 1.2 sums up these factors and their corresponding effects.

The design and thermo-physical properties of urban materials as well as greenery influence
both the heat and mass exchanges and storage within the UCL. As urban materials are mostly
impervious and highly capacitive, they amplify the water-proofing and the thermal admittance of
urban areas. This decreases evapo-transpiration and increases the sensible heat storage in urban
masses. This stored heat is then released to the surrounding environment.

Building losses and other anthropogenic heat and mass releases, e.g. from traffic, combustion
and technical systems, alter the sensible and latent energy balance by creating additional sources.
They warm up the surrounding air and structures. In addition, airborne pollutants intensify the
radiative absorption and emission phenomena. Particles increases long-wave radiation from the
sky but might not have significant effects within the UCL (Oke, 1987).

These urban related factors impact on the sensible and latent heat transfers as well as the
convective and turbulent advective processes that develop in cities. These effects make the ur-
ban energy fluxes much more complex than those of rural areas. By intensifying the urban heat
storage during the day and slowing down heat dissipation especially during the night because of
the thermal mass and 3D morphology, they contribute to generate the urban heat island (UHI)
phenomenon (Oke, 1987). The UHI phenomenon is defined by an increase of the urban mean
temperature compared to that of the country.® Fig. 1.4 shows the corresponding air tempera-
ture profile from the countryside to city centers. Note that surface temperatures are sometimes

considered as well.

SThese factors could also be organized into four categories that together determine the urban internal fluxes and
more generally the urban climate (Oke, 2006b):
the “urban structure”, which refers to the dimensions and spacing of the buildings and streets;
the “urban cover”, which refers to the imperviousness of the urban surface;
the “urban fabric”, which refers to the nature of materials (artificial or natural);
and the “urban metabolism”, which refers to the anthropogenic heat, water and pollutant emissions.

o O O o

6As the UHI intensity is determined by the geometrical and urban planning features of a city as well as human
activities, a more accurate way to define the UHI is to refer to local climate zones (L.CZs) (Stewart and Oke, 2012).
Indeed, the terms “urban” and “rural” can describe a wide diversity of landscapes, which could have only very few in
common. A better characterization of the UHI effects could therefore be achieved by specifying the type of land use
or built environment, and the land cover.
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Anthropogenic releases || reemission by pollutant | from the sky
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Table 1.2: Urban factors and physical processes influencing the UHI effect: contribution of the
urban structure, materials and anthropogenic direct sources. (Based on (Oke, 1987))
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Figure 1.4: The UHI phenomenon: evolution of the air temperature from the countryside to the
city center. (Adapted from (Oke, 1987))

The UHI influence can be felt up to 10% to 2 x 10*m out of the city. The UHI intensity is
generally 2 or 3°C (Britter and Hanna, 2003), but it depends on the city’s features and context.
According to studies reviewed by Santamouris (2014), the mean annual UHI intensity is 1.4°C in
Melbourne, Australia, and 2°C in London, United Kingdom. Its average maximum is about 7°C
in Athens, Greece and 3 °C in Bahrain. Other examples of maximum UHI intensities are given in
Memon et al. (2009) for cities located all over the world, showing values up to 10°C in Hong
Kong and 12°C in Lodtz, Poland. The UHI phenomenon substantially varies on a diurnal time
scale. Its intensity is generally lower, and even negative, during the morning / midday and maxi-
mum during the night, especially under calm and clear atmospheric conditions. These variations
are due to the uneven distribution of the different above-mentioned energy fluxes over the day
(Memon et al., 2009; Oke, 1987). For example, in Paris, France, an averaged 2.5°C positive
temperature difference is generally observed between the downtown and the surrounding rural
areas. A 8.1°C difference can nevertheless be observed during summer nights (APUR, 2012). In
Basel, Switzerland, the monthly averaged UHI intensity based on measurements taken between
1999 and 2001 equals 1.8 °C in the late evening, but is close to 0 °C in the late morning (Allegrini
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1.1. Phenomenological background

et al., 2012b). In the urban area of Hong Kong, the diurnal variation over the year 2005 was of

3°C with a minimum after noon and a maximum during the night (Memon et al., 2009).

1.1.3 Effects of urban micro-climates on the outdoor comfort and building energy
loads

Urban micro-climates, which are the result of the complex urban energy balance, affect citizen’s
health and comfort as well as building energy loads. Thus, the UHI affects both urban environ-
mental and social matters. It can be beneficial in cold climates and winter but harmful in hot
regions and during summers. Warmer ambient outdoor temperatures alter the citizens’ thermal
stress as well as the building energy demand by increasing or reducing the need of artificial air
conditioning. According to Santamouris (2014), the UHI effect decreases the residential total en-
ergy demand in cold zones. Conversely, in hot zones, the increase of the cooling demand is much
more important than the reduction of the heat demand. Moreover, the increased use of artificial
cooling during hot seasons affects the ambient thermal conditions, as air conditioning devices
release heat in the surrounding streets, which increases the building cooling loads (Bozonnet,
2006), and energy transformation can emit pollutants. Warmer temperatures also affect citizen’s
health and comfort by intensifying the magnitude or the duration of heat waves with the main-
taining of high temperatures during nights. The local meteorological conditions can be altered
as well, through secondary effects or a change in the precipitation patterns (Rasheed, 2009).

At a smaller scale and neglecting latent heat transfers, Fig. 1.5 summarizes the physical phe-
nomena developing around and in an urban canyon. These heat exchanges are decisive in de-
termining urban micro-climates. The surrounding urban structure determines the obstruction of
incident sun beams, which limits the sun heating and the natural lighting of the shadowed urban
areas and buildings. Radiative heat exchanges between the numerous facing surfaces and with
the sky are also impacted on, including multi-reflections of incoming radiation, the exchanges of
long-wave radiation between urban surfaces of different temperatures and the emission of long-
wave radiation by urban surfaces toward the sky. Urban structures also modify urban air flows.
They generally decrease air flow speeds, increase turbulence intensities and form vortices with
very local features (see Sec. 1.2.3). Moreover, the potential of evaporative cooling of urban areas
is generally reduced because of the surface imperviousness and weak greenery (see Sec. 1.1.2).

These specific alterations of the radiative exchanges, wind conditions and latent heat transfers
impact on the outdoor pedestrian comfort. More precisely, they impact on the outdoor thermal
environment, as in addition to physical factors, the notion of comfort implies physiological and
psychological aspects. Four environmental parameters determine the experienced thermal envi-
ronment (Ramponi, 2013):

o the mean radiant temperature, which affects radiative heat transfers;
o the air temperature, which affects convective heat transfers and latent energy exchanges;
o humidity, which affects latent heat transfers;

o and the wind speed, which mainly affects convective heat transfers.
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Figure 1.5: Physical processes and exchanges occurring between a city and its environment and
in an urban canyon.
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1.1. Phenomenological background

The mean radiant temperature is directly impacted on by the solar access of urban spaces as
well as the surface temperature of building facades and other urban surfaces. Indeed, the sun
heating, shadowing, multi-reflections and long-wave radiation emission by surrounding urban
surfaces determine the radiative budget of a surface. In addition to the urban layout, the albedo of
urban surfaces is a key parameter that determines radiative heat fluxes and surface temperatures.
Note that further than the mean radiant temperature, differences in urban surface temperatures

may substantially affect the urban comfort.

The air temperature is mostly determined by the season, meteorological conditions and hour
of the day. However, it is also affected by the urban heat island effect, urban surface temperatures,
anthropogenic heat releases as well as the ability of urban air flows to remove heat from urban
areas. This advective heat removal is improved in case of high wind speeds or high turbulence

intensities.

Humidity depends on the meteorological conditions and geographic context but it is also
strongly related to the urban surface imperviousness and greenery. These factors determine the
evapo-transpiration potential in urban areas. However, they do not directly depend on the urban
structure but more on the urban planning. Human releases also affect the humidity level.

Neglecting the effects of trees, urban wind speeds are mainly altered by general urban struc-
ture and the presence of still and sharp-edged obstacles. The general urban structure alters inci-
dent winds in terms of mean speed, direction and turbulence intensity. Buildings create sheltered
zones or accelerated streams. Beyond their effects on thermal comfort, winds also alter the pedes-
trian comfort as urban mean flow speeds and turbulence levels can be high and strongly vary on
very small time and spatial scales. This can restrict or forbid some activities. It might even create
dangerous conditions. In order to evaluate the acceptability of such wind-induced mechanical
effects on pedestrian comfort and safety, effective wind speed thresholds and probabilities of ex-
ceeding them are often considered” (Stathopoulos, 2006).

As shown in Fig. 1.6, radiant and air temperatures, humidity and air flows also impact on the
building energy balance. On the one hand, the passive solar heating of buildings can be reduced
due to numerous urban obstructions that produce shade. On the other hand, their potential ra-
diative cooling is also generally restricted because of the limited sky view factor (see Sec. 2.2.1).
Moreover, multi-reflections can warm-up shadowed facades. Natural ventilation as well as con-
vective heat exchanges are also often reduced because of the lower urban wind speeds and the
development of recirculation phenomena (see Sec. 5.1.1).

The respective and total influence of these physical parameters on the building energy demand
were investigated by Bozonnet (2006), Bouyer et al. (2011) and Allegrini et al. (2012b) using
numerical approaches. A 35% increase in the energy demand of a building located in a street
canyon in Athens was assessed by Bozonnet (2006), accounting for the UHI and thermo-aeraulic

7 According to (Bottema, 1993) cited by Blocken (2014b), a dis-comfortable zone in terms of wind effects occur
when the effective wind speed, U, = U + o, overcomes 6m-s ' more than 10% of time. To define wind danger,
turbulence and gusts are much more important and areas are considered dangerous when U, = U + 30, overcomes
15m-s~! more than 1% of time.

19

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0070/these.pdf
© [L. Merlier], [2015], INSA Lyon, tous droits réservés



Part I: Fundamentals and preliminary work
Ch.1: Phenomenological foundations and outline of the thesis

Physical phenomena Factors affecting building
altered by the urban context energy efficiency
S Physical variables o
i Urban heat island affecting outdoor comfort /7 Energy production:

Radiant /
temperatures '

Sun heating

: .| |~ Windfeatures ~— | N : ;
- Air flow modification = __i.-“-._\;:Convectlve losses

Direct effects of the
urban structure

—-  Humidity — — 1 | < pmidification

\ evapotranspiration ——]

Figure 1.6: Effects of urban structures on the physical parameters determining the urban outdoor
comfort and affecting the building energy balance.

transfers that develop in the street canyon. For an urban block located in Lyon, France, and as
compared to a stand alone building with theoretical urban masks, Bouyer et al. (2011) computed
a 28 % increase in the building sensible loads for heating during one week in winter and a 42 %
increase of the sensible cooling loads for one week in summer. This increase of the building energy
loads was assessed taking into account realistic solar masks, infra-red exchanges and specific
convective heat transfers. Allegrini et al. (2012b) investigated the combined effects of radiative
multi-reflections, adapted convective heat exchanges as well as the UHI effect on the building
energy demand in the case of an idealized street canyon located in Basel, Switzerland. Results
showed a multiplication by a factor 8 of the annual building energy demand for cooling and
reduction of 20 % for heating, in the case of an office and residential building and in comparison
with a isolated rural building.

The three above-mentioned works demonstrate the substantial effect of the urban context
on the building energy balance. The urban context modifies the heat and air fluxes around and
at building outer walls in comparison with an isolated building configuration, and thus impacts
the building thermo-aeraulic solicitations. Therefore, considering the effects of the urban envi-
ronment on the very local thermal and aerodynamic conditions appears necessary when aiming
at designing comfortable urban areas and assessing the effective thermal behavior and energy
performance of buildings.

1.2 Introduction to urban physics and aerodynamics

1.2.1 Urban physics and building physics

Urban physics is an engineering discipline that is strongly linked with building physics. In fact, it
can be understood as a part of building physics, as the building physics of outdoors. According to
Blocken (2012), “building physics is the study of the physical behavior of buildings and building
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1.2. Introduction to urban physics and aerodynamics

components, including the transfer of heat and mass, acoustics, lighting, energy and the indoor
and outdoor environment. It is aimed at improving health, comfort and productivity taking into
account energetic, ecological and economic constraints.” As such, building physics addresses
three main fields of study, namely: the indoor environment, the building envelope and the outdoor

environment.

Urban physics refers to the last point: the outdoor environment. Extending the previous def-
inition to urban physics, it can be understood as “the study of the physical aspects of the outdoor
urban environment, including the transfer of heat and mass, acoustics, lighting and energy, and
their interaction with the indoor environment and the building envelope. It is aimed at improving
outdoor and indoor health, comfort, productivity and sustainability taking into account energetic,
ecological and economics constraints” (Blocken, 2012). As such, it includes different concepts and
tools from physics, environmental chemistry, aerodynamics, meteorology and statistics (Moonen
et al., 2012a).

Focusing on the lower part of the UBL, the practical application fields of urban physics are
linked with the effects of urbanization and global warming on the urban micro-climate and cit-
izens (Carmeliet, 2015). The related topics include, among others, the UHI effect, the pedes-
trian wind and thermal comfort and building heat transfer. As seen in the previous sections (see
Sec. 1.1.2 and 1.1.3), those subjects have in common the fact that they depend on the interac-
tions between air flows, heat fluxes and solid masses. Particle dispersion, wind driven rain, wind
energy or sound propagation in urban areas are other possible application fields of urban physics
(Blocken, 2013; Moonen, 2013).

Fig. 1.7 shows the imbrication of the different spatial scales related to urban physics. These
scales are nested between the material and human scale on the lower boundary (L < 1m), and
the meso-scale on the upper one (L > 10*m) (Blocken, 2013). Spatial scales covered by urban
physics extend thus from the component and building scales (L. < 10 m, time scale smaller than
one hour) to the micro-scale (L < 10*m, time scale of one day). The former especially involves
building wakes and heat transfers, which are processes developing in the vicinity of buildings due
to their shape and thermo-physical properties. The later is related to the UHI phenomenon and
refers to the micro-scale climatology.

For specific analysis, especially with respect to urban aerodynamics, urban physics’ spatial
scales are often divided into four sub-scales, which actually almost correspond to usual urban
scales® (see Sec. 2.1.1) (Britter and Hanna, 2003):

o the regional scale (< 10° or 2 x 10° m), which is affected by the effects of the whole urban
area, especially those induced by the UHI;

o the city scale (< 10* or 2x 10* m), in which the averaged effects of buildings or other urban
elements result in a general behavior. Specificities of the flow structures within the UCL are
thus smoothed out;

8Note that Oke (2006b) provides a further detailed division of urban scales (UCL units). They are presented in
Appendix C.
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Figure 1.7: Correspondence and imbrication of the spatial scales, disciplines, physical phenomena
and main models related to urban physics. (Based on (Blocken, 2013; Britter and Hanna, 2003)
and (Schliinzen et al., 2011) cited in (Blocken, 2014a))

For completeness, another representation of the time and spatial scales that are related to urban
physical phenomena is given in Appendix C. (Oke, 2006b).

o the neighborhood scale (< 10% or 2 x 10°m), in which a statistical approach can still be
implemented but where the flow behavior inside the UCL becomes important, especially in

its differences from one neighborhood to another;

o and the street canyon scale (< 102 or 2 x 10%m), which addresses the flow behavior and

structures around buildings, in streets or intersections.

Physical phenomena developing on these scales are inter-related and interact with each other.
As a consequence, the conditions in the upper and lower scales should be considered when in-
vestigating a physical phenomenon that is more specifically associated with one spatial scale. As

determining boundary conditions, they both condition the processes under study.’

°These complex interactions justify the development of multi-scale models as explained in (Rasheed, 2009). In
such approaches, the upper scale generally provides boundary conditions, while the lower one provides sources or
sink terms (momentum, heat) and is parameterized.
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This nesting of interacting scales is particularly important for urban meteorology and physics
as shown in Fig. 1.1(a) and Fig. 1.1(b). In particular, the related aerodynamic processes are criti-
cal as ventilation and convective processes significantly impact on the UHI, the outdoor pedestrian
comfort and the building thermal behavior. However, studying aerodynamic processes is challeng-
ing because, in addition to the complexity of the interactions between buildings, the surrounding
air and the remainder of the atmosphere, turbulence remains an open problem while having sig-
nificant consequences in terms of flow behavior and convective exchanges. Indeed, turbulence
intensifies the mixing of the different variables such as particles, momentum and heat and it is
highly dissipative. However, its behavior is irregular, apparently chaotic and random. It is gen-
erally associated with high levels of vorticity fluctuation (Lesieur, 1994; Robinson, 2011). The
understanding of its mechanisms as well as its effects on the mean flow are therefore complex.

1.2.2 Existing techniques to study urban air flows

As described in Sec. 1.1.1, wind speeds in the UCL are significantly reduced on average as com-
pared to rural areas and turbulence intensities are higher. This alteration of the averaged wind
speed is due to the presence of numerous roughness elements in cities, especially buildings. They
are almost stiff and sharp-edged solid masses, which are often positioned close to each other.
Therefore, they create particular and local aerodynamic phenomena. On the contrary, meteo-
rological stations are generally located in airports, which are large open spaces located in rural
areas. As they undergo relatively undisturbed flows, traditional meteorological data are generally
not relevant to describe air flows within and above the UCL.

According to Blocken and Carmeliet (2004); Bottema (1999) and as shown on Fig. 1.8, char-
acterizing the aerodynamic conditions at a particular place within the UCL requires to modify
twice usual meteorological data. The first modification is the change of U,,,., into Uy. This
translates the alteration of the mean flow between the meteorological station and the surround-
ings of the location of interest. This modification is due to the general properties of the terrain
(upstream fetch). This can be achieved by modifying the aerodynamic properties of the mean
wind profile, especially z,. The second modification aims to describe the effective air flows (U)
that occur within the location of interest. It is the one addressed in this thesis. U depends on
the local 3D configuration and potentially thermal characteristics of the local urban design. As
each configuration is unique, flow fields are very case-specific and almost no universal behavior
applies despite some trends can be a priori expected.

In order to study urban air flows in terms of mean velocity and turbulence features, three
techniques are mostly used in environmental wind engineering. From the most expensive to the

most cost effective, they are (Blocken, 2014b; Moonen et al., 2012a):

o full-scale survey or field campaign;
o physical modeling or wind-tunnel testing;

o and numerical approaches, especially computational fluid dynamics (CFD) modeling.
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Figure 1.8: Adjustment of the mean wind profile from meteorological stations (open rural areas)
to urban locations: terrain and design related contributions. (Based on (Blocken and Stathopou-
los, 2013; Bottema, 1999))

Each of these techniques has specific advantages and limitations. Their respective advantages
and drawbacks are summarized in Tab. 1.3.

Full-scale studies are generally carried out in real urban environments. This technique is the
only one that integrates all the physical and geometrical complexity of the urban environment. It
includes the details of urban design, material features, anthropogenic sources, temperature gra-
dients, aerodynamic processes, all turbulence scales and so on. All of these factors influence the
air flow field and its effects on pedestrian comfort, particle dispersion and buildings loads. How-
ever, such on-site surveys suffer from the inherent ill-definition and variability of the boundary
conditions and the fact that only some discrete measurements can be taken. Moreover, unless
taken over a very long period, these measurements are almost snapshots of the real conditions.
As a consequence, data post-processing and interpretation can be difficult.

Reduced-scale tests are generally undertaken in atmospheric wind-tunnels. These experimen-
tal facilities are generally quite long as the approach flow modeling is very demanding (Blocken,
2014b). The targeted approach flow generally corresponds to an equilibrium ABL in terms of
mean wind speed and turbulence profiles. For urban and building aerodynamic purposes, the
range of the model scale is 1 : 75 to 1 : 400. In comparison with full-scale studies, boundary
conditions can be controlled and measured, and tests can be run several times. Very high reso-
lution measurements and some field data can be taken. Wind-tunnel tests are therefore suitable
to provide extensive and high quality data. Moreover, experiments can be undertaken during the
design process of architectural projects in order to evaluate the aerodynamic consequences of a
new urban development and to support its design. Nevertheless, reducing the geometric scale of
the model leads to some caveats. Some geometrical details are simplified because of manufac-
turing constraints and similarity criteria have to be matched in order to be representative of the
real urban conditions. This implies that the dimensionless numbers characterizing the test should
match the real ones, especially the Reynolds (Re) and the Grashoff (Gr) numbers. Since these
numbers have very high values at full-scale, it is almost impossible to meet these requirements.
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Advantages

Drawbacks

Field study

- Measure reality

- Account for all the geometric
complexity

- Account for all the physical
complexity

- Take discrete measures

- Expensive and difficult to un-
dertake

- Undefined and unsteady
boundary conditions

Wind tunnel test

- Can provide some field data
- Control over boundary condi-
tions

- Respect similarity criteria
- Generally model isothermal
conditions

CFD modeling

- Versatile
- Provide whole field data
- Relatively low cost

- Rely on turbulence models
- Need to be validated
- Need to be verified

Table 1.3: Advantages and drawbacks of full-scale study, wind-tunnel testing and CFD modeling.

For this reason, wind-tunnel tests are generally based on the Reynolds number independence
assumption and are generally carried out under isothermal and neutrally stratified conditions.

Due to the rapid development of computational capabilities, CFD simulations are increasingly
used'® (Blocken, 2014a). In such computational approaches, boundary conditions are controlled
and models can be full-scale so that no similarity requirement has to be matched. Whole field
data are computed and there is no theoretical limit for the dimensions and complexity of the ur-
ban model. Parametric studies can be carried out and simulations can be run during the design
process of architectural projects. These features make numerical experiments very powerful and
efficient for many urban applications. Nevertheless, computational models that could be used
in environmental wind engineering are based on physical, mathematical and numerical assump-
tions as well as empirical constants (see Sec. 3.1.2). In addition, numerical predictions are very
sensitive to the modeling strategy and the input parameters that are defined by the modeler. This
can significantly compromise the accuracy of simulation. Therefore, models have to be carefully
validated by comparison with experimental data sets in order to assess the model uncertainties,

and verified to estimate errors.

The respective features of each investigation technique make them highly complementary.
Numerical predictions can provide insights on the relevant measurement locations for a full-scale
survey as well as whole field data where field studies only get discrete measurements. Numerical
simulations can also supplement wind-tunnel studies when the Reynolds number independence
cannot be achieved, and include heat transfers to evaluate buoyancy effects when thermal effects
cannot be physically modeled. Experiments provide in turn essential data for the validation of
numerical models, which is a necessary step to ensure the reliability of the computational study.
Hence, since the development of computational approaches, both an experimental and a numeri-
cal approaches are often used to study urban flow characteristics, and especially the flow features
in the UCL.

19As CFD studies are generally time consuming, simplified approaches suitable for urban environmental studies
using zonal models have been developed (Bozonnet, 2006).
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1.2.3 Overview of noteworthy urban flow patterns

Due to the complex shape of cities, urban very local aerodynamic conditions are highly complex.
To better understand urban air flows, several wind-tunnel tests have been carried out over the last
decades. More recently, CFD studies were also performed. Most of the results presented hereafter

correspond to wind-tunnel experiments.

Fig. 1.9 shows that even only considering the simple configuration of an isolated cuboid obsta-
cle standing perpendicular to the incident flow without any thermal effects, intricate recirculation
phenomena already develop. The flow around the obstacle is characterized by separation at the
obstacle edges and vortex shedding downstream (Peterka et al., 1985). More precisely, when
the flow impinges on its frontal face, it is stopped and deviated. An over-pressure zone is cre-
ated. In case of high-rise building, a significant part of the flow is deflected downwards, which
induces high wind speeds at ground level. Upstream the building, a standing vortex develops and
a horseshoe vortex is formed. The flow passing from this upwind region on the building sides
is accelerated (corner streams). The remaining part of the incident flow is deviated upwards
and goes above the roof, or laterally on the sides with an increased speed. Because of the non-
aerodynamic shape of buildings, which have sharp edges, flow detaches at corners and reattaches
(or not) on the top and side faces, which are under-pressure regions. Downstream the building,
an under-pressure zone also takes place and a reversed flow (arch vortex) develops in the cavity
zone. In an horizontal plane, two counter-rotative vortices are produced. All of these vortices
and recirculation phenomena are transient and characterized by increased turbulence as part of
the kinetic energy of the incident flow is transformed into turbulent kinetic energy. The wake
carrying the residual turbulence persists a long time until the flow comes back to its initial state.

Increasing the geometric complexity of such an isolated obstacle by adding a recess in its
plane yields new recirculation phenomena within the recesses and downwind. Considering such
generic shapes, Fig. 1.10 compares the main flow structures around square, rectangle, U-shaped
and L-shaped obstacles for an horizontal plane. It can be seen that low pressure zones downstream
obstacles or within recesses lead to the formation of reversed flows and vortices. In case of normal
wind incidence and cuboid obstacles, the extent of the cavity zone depends on the width and
length of the obstacles. The larger the obstacle, the longer the cavity zone (case b), whereas the
longer the obstacle, the shorter the cavity zone (case d). Flow fields become more complex when
the shape of the obstacle shows protrusions, especially in case of asymmetric configurations (cases
i-). The development of recirculation phenomena in semi-enclosed courts (in the L-shaped and
U-shaped obstacles) depends on their openness and their orientation in relation to the incident
flow. This determines if courts experience over- or under-pressure, and thus the flow pattern
that develops inside (cases e-1). The presence of protrusion also generally decreases the cavity
zone length as compared to what happens downstream a rectangular obstacle. When obstacles
lay oblique in relation to the mean flow direction, asymmetric and seemingly larger downstream
recirculation phenomena in the spanwise direction occur. The obstacle relative dimensions, the
presence of semi-enclosed spaces as well as the wind incidence angle appear thus to be critical in
determining the flow structures around an isolated obstacle.
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Figure 1.9: Flow structures around an isolated high cuboidal obstacle. (Adapted from (Beranek,

1984b))
1: upstream stagnation region, 2: standing/horseshoe vortex,
3: stagnation point on the windward facade, 4: flow separation at sharp corners,
5: corner streams, 6: cavity zone,
7: downstream stagnation region, 8: far wake.
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Figure 1.10: Flow patterns around obstacles of different shapes and for different wind incidences.
(Based on (Brown and DeKay, 2000))
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Considering an urban canyon,'! both the upwind and the downwind obstacles can affect the
inner flow structures. These inner flow structures differently interfere with the surrounding flows
depending on the relative dimensions of the canyon and obstacles. This property is generally
characterized by the aspect ratio or H/W, H being the building height and W the canyon width.
For a wind incidence normal in relation to the urban canyon axis, Fig. 1.11 illustrates the three
flow regimes that can occur (Oke, 1987):

o the isolated roughness flow regime;
o the wake interference regime;

o and the skimming flow regime.

According to Oke (1987), the isolated roughness flow regime occurs when buildings are
widely spaced, i.e. when H/W < 0.4 for cubic buildings and H/W < 0.3 for rows. In such a
configuration, the shear layer has room to reattach downwind the former obstacle and before
being disturbed by the following one. When obstacles are closer, i.e. for H/W < 0.7 for cubes
and H/W < 0.65 for rows, the flow in the canyon substantially increases in complexity as the
recirculation phenomena that are produced by each obstacle interfere with each other. This is the
wake interference regime. When buildings are even closer, the skimming flow regime develops.
A vortex is formed in the cavity, which corresponds to the lee eddy found in the cavity zone of
isolated buildings. This recirculation is driven by the above flow and is reinforced by the pres-
ence of the downwind obstacle, which deflects the flow downwards. These three flow regimes
condition the exchanges between the UCL and the air aloft and are related to the urban canopy
roughness (see Fig. 1.12 and Appendix B). As a result, they are critical in determining the general
ventilation potential and aerodynamic properties of urban areas.

When focusing on urban canyons, the most documented and simplest urban model is the ur-
ban street canyon. This almost 2D form represents a configuration where the lengths of the bor-
dering buildings are much higher than the height and width of the canyon. Accordingly with the
different aforementioned urban flow regimes, for sufficiently high wind speeds above the street
and H/W~ 1, a recirculation develops in the canyon. It is driven by the momentum transport
from the above shear layer. The vortex is asymmetric and unsteady, as it is more concentrated on
the downwind side of the canyon. In comparison with the top wind speed, recirculation velocities
are of order 1/3 to 1/2 and turbulence levels are of about 1/10. For low H/W, the shear flow can
reattach on the floor in the canyon. For high H/W, a second counter rotating vortex can develop
below the main recirculation (Britter and Hanna, 2003).

Nevertheless, it is worth mentioning that considering regular street canyons, three models that
exhibit different flow characteristics are usually studied (Kastner-Klein et al., 2004). Appendix D.1
gives their respective schemes. The isolated street canyon composed of two juxtaposed rows is
the most basic model but is subjected to an undisturbed upstream fetch. As a consequence, it is
not representative of realistic urban conditions. In addition, the inner flow structures are greatly

1A canyon is defined as an urban unit that encompasses the wall and ground between two adjacent buildings so that
it has three sides with active surfaces and three open sides (Oke, 1987). As an urban canyon, it is generally considered
as a part of a network, often a regular array of identical long rows or cubes.
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Isolated roughness Wake interference Skimming flow

Figure 1.11: Flow regimes in an urban context depending on canyon aspect ratio (H/W).
(Adapted from (Oke, 1987))
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Figure 1.12: Occurrence of urban flow regimes in an urban-like context as well as ventilation
effectiveness depending on the plan density. (Adapted from (Brown and DeKay, 2000))
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determined by the flow separation at the upwind edge of the upstream building. Modeling a
cavity, i.e. a hollow area within a flat plate, avoids the development of the flow separation at the
upstream edge of the first row. Nevertheless, it does not integrate the effects of the urban fetch.
Considering rows of streets canyons may overcome this limitation. In the first rows, flow features
are still substantially affected by the flow separation at the upstream edge of the leading obstacle.
Then, the flow becomes self similar, as the above flow has adapted to the underlying structure.

Hence, examining solely very simple 2D and regular configurations with several obstacles
rather than an isolated obstacle highlights more complex flow fields. This is mainly because of
two reasons. First, upstream obstacles modify the incident flow arriving in, or flowing over an
urban open space. Secondly, nearby obstacles alter the flow patterns in the UCL, especially in their
wakes. The resulting aerodynamic conditions are complex and affect the flow-induced forces on
constructions, including the drag force. Hence, these interference effects depend on the upstream
terrain properties, and the geometry and arrangement of the obstacles (Khanduri et al., 1998).

To represent 3D urban-like configurations, arrays of identical cuboids immersed in a boundary
layer are often considered. For regular arrays of cubical obstacles with H/W= 1 and a normal
wind incidence, two main flow patterns occur (Coceal et al., 2014):

o recirculation phenomena associated with low velocities develop between obstacles;

o and channeling flows, which are generally characterized by faster velocities, develop along
streets parallel to the mean flow.

Nonetheless, flow patterns and likewise ventilation patterns of such arrays vary depending on
their layout.

Still in case of a normal incident flow, Fig. 1.12 shows that the building and urban ventila-
tion effectiveness of such urban-like configurations depends on the plan density (Ramponi and
Blocken, 2012) and the alignment of the obstacles (Golany, 1996; Hu and Yoshie, 2013). As
the horizontal blocking effect increases for higher densities and staggered arrays, the ventilation
effectiveness decreases. Moreover, given a certain density, randomizing the obstacles height in-
creases the “roughness efficiency” of the canopy. This effect can significantly affect the surface
layer structure, possibly to the point of inertial sub-layer squeezing (Cheng and Castro, 2002).

Aerodynamic features of six other urban archetypes have been studied by Steemers et al.

(1997). These archetypes are based on three original urban forms,'?

namely the pavilion or
tower, the street and the court. These generic urban forms are given in Appendix D.2. Results of
expended polystyrene bead dispersion tests show that street canyons (terraces) form direct and
effective air paths when they are aligned with the wind incidence, but cross flows and turbulence
can modify the ventilation effectiveness. Conversely, courts and enclosed areas, as well as streets
(terraces) normal to the wind incidence are less disturbed by the incident flow. This behavior may

be explained by the development of internal recirculation phenomena in such confined spaces.

12These forms were defined by the Martin Center for Architecture and Urban Studies:
http://www.martincentre.arct.cam.ac.uk/
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As a partial conclusion, switching from cases of isolated buildings to cases of building groups
highlights the development of different flow patterns and aerodynamic phenomena within the
UCL. Those are not only dependent on the morphological properties of each obstacle, whose shape
can already lead to specific flow patterns, especially when courts are present. The buildings layout
is decisive as well, as the resulting morphological properties of outdoor spaces create specific flow
patterns and ventilation regimes. Furthermore, recirculation phenomena and wakes interfere in

complex configuration yielding intricate flow patterns.

In addition to the building overall shapes and layouts, many other factors impact on urban
flow patterns. Architectural details are one of them. In particular, pitched roofs on buildings
bordering a street canyon can prevent the development of the street canyon vortex (Kastner-Klein
et al., 2004). Thermal effects due to the heating of urban surfaces can also modify the theoretical
flow structure in a street canyon and may lead to the development of an additional vortex in
the lower part of the canyon (Allegrini et al., 2013; Kovar-Panskus et al., 2002). Flow patterns
obviously depend on the wind direction as well. Considering the simple case of a cube array
and a wind incidence oblique (45°) in relation to the main direction of the array, recirculation
phenomena behind each face of the cubes develop. These vortices are symmetric with respect to
the diagonal line of the model (Coceal et al., 2014) and deviate from those observed in case of a
wind incidence perpendicular to the buildings.

Furthermore, it is worth mentioning that the different flow structures described above are
related to mean flow patterns. Instantaneous flow patterns significantly differ from the mean
ones even considering steady state boundary conditions. Typically, in a symmetric configuration,
the instantaneous flow is asymmetric. Still in the case of a symmetric cube array, wind vectors
along the streets change continuously and unpredictably, especially around intersections (Coceal
et al., 2014).

Hence, urban flows are very difficult to describe and understand in complex configurations
even when the approach flow is well-defined. It is however possible to identify some typical ur-
ban configurations that are linked with specific aerodynamic conditions. Based on wind-tunnel
studies of several urban configurations, Gandemer (1975) identified aerodynamic anomalies that
affect the pedestrian comfort.'® These anomalies characterize some flow patterns related to typ-
ical building or urban configurations, which generally lead to substantially accelerated flows or
sheltered regions. In addition to the standing vortex, corner and wake effects described above
for the isolated building configuration, Fig. 1.13 illustrates these different anomalies and the
following list briefly reviews them.

o The passage effect occurs when there is an open hallway the bottom of a building. The flow
is concentrated in the passage and forms a jet that produces an accelerated flow within
and downstream the passage. Note that this effect was also studied in details by Beranek
(1984a) and Blocken et al. (2004).

13Note that for an isolated high-rise building, discomfort mainly depends on its dimensions. Its height is the most
determining factor, and its width is the less influential (Beranek, 1984a).
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Figure 1.13: Urban air flow anomalies affecting the pedestrian wind comfort due to particular
building and urban layouts. (Adapted from (Gandemer, 1975))

o The slab effect occurs depending on the relative obstacle size with respect to the wind
turbulence scale. The worse wind conditions are produced when the slab is oriented at 45 °
in relation to the mean flow incidence. A swirled flow circulation is formed downstream
the obstacle, which induces accelerated flow speeds.

The channel effect occurs when the building layout forms an almost continuous path that
is open on its top. This configuration can amplify the effects of another anomaly, but does
not generally create specific aerodynamic conditions by itself.

The so-called venturi effect occurs when the building layout is funnel-shaped, with an acute
or right angle. Accelerated flows are mainly produced in the bottleneck. Several conditions
should be satisfied to form such an anomaly.!* Note that this effect is also discussed in
Beranek (1984a) and Blocken et al. (2008). Indeed, wind-tunnel and CFD studies recently
indicated that such an effect does not occur between convergent buildings. In such a con-
figuration, the upstream over-pressure zone deflects a part of the flow upwards and on the
sides of the group of buildings. Hence, the so-called venturi effect does likely not occur
between buildings as open and not confined flows are involved.

4Conditions are a building height greater than 15m, a total building length greater than 10> m, an unobstructed

upstream and downstream zones and a bottleneck equal to 2 or 3 times the building height (Gandemer, 1975).
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o The mesh effect occurs when a building layout forms an almost enclosed courtyard. It is
generally characterized by inside sheltered conditions, as it could be either flied over or
penetrated by the wind depending on its size. Note that Beranek (1984a) highlights some
inner flow structures for almost square meshes opened on their corners.

o The pressure short-circuiting effect occurs when the layout of large buildings that are per-
pendicular to the wind is staggered. It is characterized by an accelerated flow that trans-
versely links the two zones of different pressures. More generally, according to Beranek
(1984a), when long buildings are parallel to each other and perpendicular to the flow in-
cidence, strong transverse flow occur, which increases discomfort. Conversely, when build-
ings stand perpendicular to each other, discomfort rather corresponds to the superimposi-
tion of the basic conditions that develop around single buildings.

o The pyramid effect occurs in case of a compact building layout with several terraces. Al-
though this shape is rather aerodynamic, terraces can experience accelerated wind speeds.

o The mask effect is due to the presence of the upstream buildings, which generally shelter
urban spaces. In case of an homogeneous layout, the first 2 x 102 m are the most impacted
by aerodynamic changes.

Other studies carried out for existing urban configurations emphasize the complexity of the
flow structures that develop in a real urban context. For example, the DAPPLE project (DAP-
PLE, 2002-2010) investigated the flow field at an intersection in London, United Kingdom, using
the three techniques described in Sec. 1.2.2. Results highlight that 3D flows inside and around
the intersection are strongly affected by the urban configuration as well as the wind incidence.
Complex flows develop, especially upstream the intersection. The increased geometric complexity
enhances the mixing due to the development and merging of different vortical flow structures and
channeling flows from the different streets. In comparison with a typical idealized street canyon
intersection, flows were significantly impacted on by the presence of two towers. Moreover, the
asymmetric urban geometry enhanced the interactions between the UCL and the air flow aloft
as compared to an idealized skimming flow regime (Carpentieri and Robins, 2009; Carpentieri
et al., 2009). Because of the heterogeneous urban structure, simulated exchange velocities are
often higher than twice that of an homogeneous configuration characterized by the same plan
density (Panagiotou et al., 2013). Kastner-Klein et al. (2004); Kastner Klein et al. (2000) exten-
sively investigated the flow structures in a street canyon located in an inner-city area in Nantes,
France. Wind-tunnel results showed that despite the presence of pitched roofs, a weak vortex
developed in the street canyon. Two types of flow patterns were identified in the UCL. The first is
characteristic of a street canyon flow with an almost zero or negative velocity. The other is char-
acteristic of flows in open squares or street crossings, which shows higher mean and turbulent
velocities. The flow field was found to be very heterogeneous in space and substantially affected
by differences in building densities. The JU2003 project (JU2003, 2003) carried out full- and
reduced-scales experiments for the central business district of Oklahoma city, USA. Results high-
lighted the critical impact of the particular structure of buildings and gaps between blocks on air
flows. Strong vertical air flows were observed in the wake of tall buildings an in street canyons.
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Moreover, flow patterns were found to be highly intermittent (in reality) and very sensitive to
little changes in the wind incidence (Leitl and Schatzmann, 2005).

These few exemplar studies illustrate the diversity and the intricacy of the flow structures that
can occur inside the UCL due to the heterogeneity and complexity of real urban configurations.
Findings of such studies are hard to compare and synthesize to build general statements on the
effective urban flow patterns that develop in the UCL, as they integrate too much complexity
parameters, including the pressure-gradient wind features, the upstream terrain and character-
istics, the local urban arrangement as well as building architectural details.'® This is generally
why generic urban configurations are considered in more fundamental studies. Thanks to the
simplification of the urban configurations, some basic flow features as well as relations between
morphological parameters and flow patterns can be extensively examined.

1.3 Problem formulation and outline of the thesis

1.3.1 Motivation and scope of the work

As demonstrated by Rogers (2000) and Salat (2011), the concept of urban sustainability and
its environmental implications involve many different factors. They especially include economy,
equity, mobility, well being, land use, environment and energy. All but the two last of these
topics go beyond the scope of this thesis but are important to keep in mind because they have
significant implications on cities’ forms as well as on the way in which cities might be understood

and analyzed.

Considering the rapid urbanization in developing countries and the substantial contribution
of the building sector in the world final energy consumption, some fields of action are critical for
any sustainable urban development plan. They especially include the protection of citizen’s living
conditions, the bio-climatic design of urban spaces as well as the improvement of the building
energy efficiency and conservation. The integrated design of urban areas would not only reduce
the direct energy consumption as it could also reduce the embedded energy of cities by providing
some design guidelines and differentiate the needs of the different parts of a building or neighbor-
hood. This could also contribute to save some motorized commutes if adapted cities, especially
in terms of density, pleasant outdoor spaces as well as comfortable buildings are designed so that
people would less often take their car to spend their free time out of the city (Maizia, 2010).

Sec. 1.1.2 shows that several interacting factors contribute to determine urban micro-climates

and the building energy performance. As shown in Fig. 1.14, they include:

o the enlarged environment of the urban area, i.e. the regional climate, the surrounding

geography and land use;

5Moreover, these studies generally focus on dispersion processes, and do not primarily examine the mean flow
structures.
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Figure 1.14: Inter-relations between the factors affecting urban micro-climates and the building
energy consumption. (Based on (Ratti et al., 2005))

o the urban context, especially in terms of morphology and thermo-physical properties of
materials;

o the building design, including its shape, technology and the characteristics of its envelope;
o the management and efficiency of technical systems;

o and the behavior and activities of inhabitants.

Sec. 1.1.3 reviews how the urban context determines the urban outdoor thermal and wind
environment and to which extent it might affect the bio-climatic potential and energy demand
of buildings. In comparison with an open rural configuration, built structures modify the energy
balance of urban spaces and buildings in terms of radiative and convective fluxes. Radiative
fluxes involve sun heating, shading, multi-reflections and exchanges between urban surfaces and
the sky. Convective processes are related to the effects induced by air flows, including the natural
ventilation potential, convective heat exchanges as well as infiltration for buildings. The UHI
effect and the limited evaporative cooling also contribute to alter the urban thermal conditions.
Hence, a better knowledge of the urban very local micro-climatic conditions would contribute
to assess better the outdoor thermal and wind comforts and provide more relevant boundary
conditions for usual building energy models. This can significantly improve the assessment of
building energy loads, the implementation of passive and active strategies and support the design

of comfortable and energy efficient urban areas.'®

According to Givoni (1998), urban air flows constitute the most effective means to improve ur-
ban comfort and energy consumption with respect to the urban morphology, even if the radiative
balance may have a greater impact on the thermal comfort and building energy loads (Allegrini

®More generally than CFD studies of urban air flows, urban micro-climate and their effects on building energy
behaviors can be studied using numerical simulations as well. Such approaches enable a wide diversity of phenomena
to be investigated in an analytic, coupled or systemic way. The corresponding numerical models differ by the considered
scale, physical phenomena and complexity. Several of such computational methods, linked with sustainable urban
development issues are reviewed in Robinson (2011). For urban physics, usual numerical approaches use thermo-
radiative, CFD, micro-climatic and building energy simulations, or couplings of them.
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et al., 2012b; Bouyer, 2009; Huang, 2010). Allegrini et al. (2015) also stressed the importance
of urban air flows in determining the urban micro-climates when dealing with urban morphol-
ogy. However, as highlighted in Sec. 1.2.3, air flows in cities are very complex. Hence, this thesis
addresses the direct effects of the interactions between the urban structures and the physical pro-
cesses that occur within the UCL. This thesis studies more particularly the effects of the urban
local design on the aerodynamic processes that develop in the building close environment in case
of forced convection. The implications of these aerodynamic processes on the building energy
balance are examined in return in terms of infiltration flows and convective heat exchanges. As a
consequence, the street canyon or building scale is considered, which practically corresponds to
the urban block scale too (see Sec. 2.1.1).

The relations between urban forms and physical processes in the UCL were discussed about 15
years ago. The corresponding studies were mainly based on empirical and experimental consider-
ations as well as some early numerical simulations. Especially, Steemers et al. (1997) studied the
relationship between typical urban forms and their environmental characteristics (see Sec. 1.2.3),
including the solar access and air flows to estimate their implications in terms of energy use.
Givoni (1998) discussed the relationships between the features of the urban and building design
with respect to climatic purposes, and especially how urban features can improve the thermal
comfort in different climates. Brown and DeKay (2000) focused on energy with an architectural
point of view and investigated the effects of urban forms on physical processes. These last works
resulted in the creation of tools and guidelines for several steps of the architectural design pro-
cess, mainly toward a better management and use the solar and ventilation potentials in buildings
and neighborhoods.

Nowadays, such issues are reconsidered mainly using detailed computational approaches.
For example, using generic arrays of buildings, Huang (2010) developed a methodology to better
design urban districts from a morphological and climatic points of view, in order to enhance the
building energy efficiency. Athamena (2012) studied the effects of the design of some French eco-
neighborhoods that are characterized by their specific cross forms, on outdoor thermal comfort.
Allegrini et al. (2015) studied the influence of urban morphology on the micro-climate on the
neighborhood scale. Less focused on urban morphology issues but rather on the effects of the
very local urban micro-climate, Allegrini et al. (2012b); Bouyer et al. (2011); Bozonnet (2006)
addressed the influence of the urban environment on the building energy demand (Sec. 1.1.3).
Note that in addition to the impact of the built environment, most of these studies highlighted
the significant contribution of greenery on thermal comfort and building energy loads.

These latter studies demonstrate the increasing awareness of the scientific community about
the need to work on integrated and micro-climatic approaches of urban forms to answer the
current environmental and energy challenges. However, to the best of our knowledge, contem-
porary studies still mainly focus on the outdoor climate or the radiative effects on the thermal
comfort or building energy demand. They also mainly consider some specific case studies or
arrays of cuboids. When focusing on urban aerodynamics, ventilation and dispersion processes

as well as wind comfort are often addressed. Real urban configurations, street canyons or cube
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arrays are generally considered. No generic and systematic study based on the examination of
worldwide urban fabrics was fulfilled to investigate the relations between urban forms and aero-
dynamic / convective processes, in order to examine the effects of these processes on the building
energy balance in terms of infiltration and convective heat transfers.

1.3.2 Problem formulation and expected outcomes

The aim of this thesis is to bring new knowledge concerning the effects of urban morphology on
the aerodynamic and convective mechanisms that develop within cities in case of forced convec-
tion. More precisely, this thesis aims at providing answers to the two following questions:

What are the flow patterns that develop close to buildings according to the local urban morphology?

How do these specific flow structures affect the building energy loads due to infiltration air flows and

convective heat fluxes?

From an urban planning perspective, the main aim is to study the influence of urban mor-
phology on aerodynamic conditions in the building close environment in order to promote a
more integrated design of urban neighborhoods and buildings. From an urban physics point of
view, the aim is to analyze the aerodynamic processes that develop in the building close environ-
ment and study their impact on the building air infiltration and thermal stresses. As this is an
exploratory study, these questions are conjoint with some underlying methodological issues, es-
pecially the choice of the case studies and tools. These fundamental choices determine the scope
of applicability of the findings.

The expected outcomes of the thesis are theoretic as well as applied. From an academic re-
search perspective, they will contribute to a better understanding of the complex physical mech-
anisms that develop within the UCL. From an operational standpoint the aim is to identify some
basic flow structures that develop next to buildings according to the local urban morphology and
their potential effects on the building energy demand. This thesis will also provide information
relative to the wind conditions in outdoor urban spaces, which significantly impact on the pedes-
trian comfort, and discuss the usual boundary conditions that are used in building energy models
in terms of mean pressure distribution and convective heat transfer on the building envelope.

1.3.3 Methodology

To tackle the scientific and operational objectives outlined above, this thesis develops a transverse
methodology that combines an architectural and a physical approach. As shown in Fig. 1.16, the
methodology is composed of three main parts, which are supported by a literature review and
concluded by a synthetic discussion of the work. The sequencing of the three main parts almost
corresponds to the outline of the manuscript.

Preliminarily, the general background of the methodology, which consists of a literature re-
view, lays the foundations of the work. Two disciplinary fields are involved: urban morphology
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Background and motivation: Toward more sustainable cities

Observations: : ;> Levels for action:
- Urban population growth : - Urban micro-climates
- Environmental issues it i - Bio-climatic design
. Citizens' heath and comfort . Urban open spaces
. Energy efficiency . Building energy efficiency
. GHG emissions and conservation

Scope of the work: Study of the urban aerodynamic phenomena and convective
processes on building and urban block scales.

Problem formulation: What are the relationships between urban morphology and urban
air flow patterns? How do they affect building air infiltration and convective heat transfers?

- Urban planning perspective: Study the influence of urban morphology on
the aerodynamic and thermal conditions in the building close environment.

- Urban physics perspective: Analyze the aerodynamic processes that
develop in the building vicinity and study their impact on building infiltration
and thermal sollicitations.

- Methodological issue: Design relevant case studies and evaluate the
scope for applicability of the work.

Expected outcomes: Identification of the aerodynamic and thermal processes that
develop according to the urban context.

.............................................................................................................................................................................

1. Fundamental objectives: i 2. Applicative goals:
- Better understand complex i - Provide recommendations for the
aerodynamic processes £ implementation of energy efficient
- Support a more integrated approaches
modeling of the building thermal ) - Support a bio climatic design of
behavior in urban contexts i buildings and urban blocks

Figure 1.15: Motivation, problem and the expected outcomes of the thesis.
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1.4. Summary

analysis and urban physics. Their main subjects of study, specific practices and investigation tools
are especially examined. This literature survey extends all along the work to support the imple-
mentation of the different methodological steps.

In the first step, a morphological analysis of existing urban fabrics is combined with a bio-
climatic and physical approach of cities. The crossing of these approaches highlights the morpho-
logical features that particularly affect urban aerodynamic processes and provides the required
elements to outline the physical scope of the study. On this basis, two generic typologies of urban
structures are designed: an isolated building and an urban block typologies.

The second step is the aerodynamic study. Numerical experiments are undertaken using CFD.
The model is validated by comparison with detailed experimental data sets and numerical pre-
dictions. This preliminary and necessary phase is critical to define the modeling strategy and
settings to be used. It also stresses the related methodological challenges. Then, CFD simulations
are performed for the different types. The analysis of the predicted flow fields highlights the
physical processes and phenomena that develop around the generic constructions according to
the morphological configuration. This provides information on the outdoor mean aerodynamic
conditions, which can be related to the outdoor urban comfort, as well as the pressure distribution
on the building facades, which would further inform on building infiltration processes.

In the third step, the effects of urban morphology on the building energy loads are exam-
ined. Convective heat transfers are firstly integrated to the aerodynamic model using the internal
coupling available in the CFD software. Again, the model is validated by comparison with refer-
ence experimental data and detailed numerical studies. Cases of predominant forced convection
are investigated. Convective heat transfer coefficients on the different building outer walls are
analyzed, and their links with the corresponding flow structures are investigated. Focusing on
building energy efficiency problems, the energy demand of typical buildings due to air infiltra-
tion and heat transmission through the envelope is examined. The improvement brought by the
use of more accurate boundary conditions compared to usual engineering practices is evaluated.

To conclude the work, the methodological and physical results are synthesized. The study’s
scope of applicability and scientific contribution, as well as its strengths, possible improvements
and perspectives are discussed.

1.4 Summary

Urban micro-climates are determined by complex interactions between the prevailing weather
conditions, the urban structure and human activities. Their effects on the UHI, the outdoor ther-
mal comfort and building energy loads are substantial. Because of the complexity of recirculation
and turbulence phenomena as well as urban forms, urban air flows are difficult to assess and
understand, while being essential for many applications. Hence, this thesis addresses the effects
of the urban local design on the flow structures that develop within the UCL and their effects on
building air infiltrations as well as convective heat transfers. A transverse approach linking urban
morphology analysis and urban physics concepts and tools is therefore developed.
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1. Literature review

- Urban morphology analysis: concepts and tools
- Urban and building physics: aerodynamics and heat transfers
- CFD and coupled convective heat transfers modeling

Y

2. Design of case studies

- Outline of the relevant scale and aerodynamic processes
- Identification of the main morphologlcal influencing factors

- Abstraction of real urban fabrics
- Design of the isolated building and urban block typologies

- Model validation for an isolated and an array of obstacles
- Definition of the modeling strategy and settings

- Computational study of the flow patterns for each type
- Analysis of the predicted mean flow fields

- Model validation for a reduced-scale and a full-scale cubes
- Definition of the modeling strategy and settings

- Coupled study of the convective heat transfers for each type
- Analysis of the convective heat transfers distribution and intensity

- Evaluation of the effects of turban morphology on building energy
loads due to air infiltration and heat transmission through the envelope

— 5. Synthesis and discussion

- Summary of the main findings
- Specification of the scope for applicability and methodological challenges
- Feed back on the usual engineering practices in building physics

Figure 1.16: Summary of the five steps methodology developed by the thesis.
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Chapter 2

Design of generic typologies of urban structures
for small scale aerodynamic (and bio-climatic)
studies

This chapter develops the transverse approach used to design the case studies addressed in this
thesis. It introduces concepts and tools from the urban morphology and architectural analysis,
and combines them with a bio-climatic and physical points of view. In particular, morphological
parameters affecting urban air flows and heat fluxes are reviewed, and a morphological analysis
and abstraction of existing urban fabrics are performed. This provides the materials for the design
of two generic typologies of urban structures: one of isolated buildings and one of urban blocks.
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2.1 Urban morphologies: characterization and models . ... ............... 42
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Part I: Fundamentals and preliminary work
Ch.2: Design of generic typologies of urban structures for small scales aerodynamic studies

2.1 Urban morphologies: characterization and models

2.1.1 Description and analysis of urban morpohologies

The term urban morphology can address the social structure of the population, the urban land-
scape, the street network of the city, the plots division of lands, or the urban composition in terms
of solid masses and empty spaces from an environmental point of view (Lévy, 2005). In this the-
sis, following the definition given by Steemers et al. (2004), urban morphology is understood as
the 3D form of a group of buildings and the space they create,’ i.e. in its tangible and physical
dimensions. Thus, it corresponds to a description of the city as an interactive system of buildings,
streets and open spaces. The urban form is thus considered at a specific moment, as a static and
material configuration composed of a relative arrangement of solid masses and unbuilt volumes.

Between the micro-scale and the building-scale as defined in Sec. 1.2.1, five structural urban

spatial scales can be distinguished for urban analysis purposes (Salat, 2011). They are:

o the city scale, whose size is highly variable, depending on the local administrative definition;

o the district scale, whose typical size is 800 m x 800 m in Europe and twice this size in North
America (its perimeter depends on historical or urban criteria);

o the neighborhood scale, whose typical size is determined by the urban fabric. It is 200 m x
200 m in Europe and 400m x 400 m in North America;

o the block scale, whose boundaries are defined by streets. Its typical size is roughly 100 m x
100 m, but is very dependent on the local architecture, size and contiguity of buildings;

o and the building scale, whose size is variable, depending on the building type and its rela-
tions with the nearby buildings.

These spatial scales are comparable with the city, neighborhood and street canyon scales de-
fined in Sec. 1.2, but exhibit two additional intermediate scales: the district and the block scales.
Fig. 2.1 summarizes these urban spatial scales, their main properties and the morphological fea-
tures that can be analyzed at each scale.

According to Salat (2011), on the one hand, connectivity and structural aspects are more
related to the city and the district scales, which correspond to the macroscopic level (Adolphe,
2001a). At the comprehensive scale of the city, general features can be assessed and compared
with other cities. Note that for analysis purposes, administrative boundaries are often meaning-
less. Connectivity and distribution, especially of the road network, may mainly be studied. At
the district scale, the diversity and heterogeneity in distributions as well as the structure, com-
plexity and connectivity of the street network can be studied inside the district boundaries or
compared with others. On the other hand, morphological aspects as understood in this thesis are
more related to the neighborhood, block and building scales, which correspond to the microscopic

!Originally: “La forme tridimensionnelle d’un groupe de batiments ainsi que les espaces qu'ils créent.”
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Figure 2.1: Characterization of the main urban spatial scales in urban morphology analysis.
(Based on (Salat, 2011))

level (Adolphe, 2001a). At the neighborhood scale, the links between morphological parameters
and physical processes that develop within the UCL can be studied as well as segregation and
proximity matters. At the block and building scales, diversity and morphology parameters are of
particular relevance. Elementary energy needs or thermal behaviors can be assessed. For homo-
geneous urban fabrics, these results can be extended or aggregated to upper scales. Note that the
block and building scales coincide sometimes, as the building can sometimes be itself defined as
a block (e.g. for towers), included in a block, or be an indivisible part of a continuous block (e.g.

in the Hausmannian Paris).

As can be seen in Firley and Stahl (2010) and Salat (2011) among others, a wide diversity of
urban fabrics exist all over the world, depending on the local geographic, climatic and cultural
contexts. It is particularly the case for traditional urban fabrics. To characterize them, housing
types or urban types are often used. Housing types generally account for the morphological fea-
tures of dwellings and distinguish single- or multi-family types. For example, Firley and Stahl
(2010) differentiate courtyard houses and row houses as single family housing types, and com-
pounds and apartments buildings as multi-family housing types. Givoni (1998) distinguishes
single family detached houses, town (row) houses, multi-storey apartments buildings with long
corridors or stair cases, as well as high rise tower buildings. Urban types distinguish urban pat-
terns, that often correspond to different periods of edification. In addition to street features, the
structure of urban blocks differs. For example, Panerai et al. (2006) identifies five types of Western
European urban blocks in order to represent and discuss the consequences of their evolution from
the traditional to the modern patterns. These urban block types go from the Hausmannian block
to the Housing Unit of Le Corbusier, via the Megablocks in Amsterdam. Extending this historical
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approach, Athamena (2012) distinguishes four urban types according to their morphological and
historical features. They are:

o compact blocks, which include the traditional and the Hausmannian blocks;
o pavilion housing estates, which include city gardens and park subdivisions;
o vertical and repetitive blocks, e.g. Housing Units of Le Corbusier and large housing estates;

o and open blocks, such as the ones created by de Portzamparc.

These housing and urban types are meaningful as they directly refer to specific building or
urban patterns. They are generally related to the compactness of urban forms and refer to the
relation that exists between buildings and outdoor spaces. These can be totally external, attached,
semi-enclosed or totally included and enclosed inside buildings or urban blocks. However, these
types are almost qualitative even if each one has some similar morphological features, and their

definition criteria are not systematic.

A more quantitative characterization of urban forms uses indicators, such as the urban density
or building coverage ratio, or the floor area ratio. An extensive list of such indicators for urban
block and street metrics is given in Hermosilla et al. (2014). If used together with building
or urban types, these indicators can qualify an urban pattern in an almost comprehensive way.
However, they do not enable the setting up of a systematic and comprehensive classification of
urban fabrics based on rather objective criteria.

Hence, in order to initiate the establishment of a taxonomy of urban forms, the Urban mor-
phology laboratory of the CSTB and Burdet (2011) proposed a set of criteria to describe and
classify urban patterns in a general and objective manner. The analysis and characterization of
limits are essential in this urban morphology description process. Three categories of morpholog-
ical parameters are addressed.

o Topology describes discontinuities in the urban texture, especially the presence or absence
of courts. Connectedness and void openness as well as the relative positioning of buildings
and type of spatial arrangements belong to this class of descriptors.

o Geometry characterizes the conformation of urban elements, i.e. the urban fabric shape,
and deals with orthogonality, straightness, convexity and direction parameters.

o Finally, dimensionality is mostly related to the fractal depth of urban components and in-

volves scales, measurements and ratios.

These classes of morphological parameters are particularly relevant when used at the neigh-
borhood scale or smaller scales. They are mainly related to each other following a hierarchical
order given that a dimensional analysis can mainly be applied on a given geometric configuration,
which can itself mostly be applied on a given topological configuration (Burdet, 2011). Note that
these morphological attributes were also considered by Groleau and Marenne (1995) to analyze
and differentiate urban forms and structures in order to classify them as well.
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2.1. Urban morphologies: characterization and models

2.1.2 Bioclimatic approaches of urban forms

As understood in bio-climatology for living beings, a bio-climatic approach of building and urban
areas refers to the study of heat and mass exchanges between buildings and their environment
(Larousse, 2014). The usual extension of this concept characterizes the ability of a building or an
urban area to optimize its use of solar energy and natural ventilation in order to provide comfort-
able indoor or outdoor conditions. From a morphological perspective, and adapting the definition
given by Lévy (2005), approaching an urban form as a bio-climatic form means considering it in
its environmental dimension as an urban micro-climate, both in terms of its geographical variation
by neighborhood and in its diversity linked to urban fabric patterns (opened / closed / semi-open),
with regard to the site (water, topography, greenery) as well as its orientation towards the sun
and the winds.?

Sec. 1.1.2 describes the different ways in which urban structures affect air flows and thermal
transfers. The physical processes involved are the solar heating of urban surfaces and the other
radiative exchanges between urban surfaces and the sky, air exchanges throughout the upper limit
of the urban canopy layer, as well as the radiative and convective exchanges that occur in the UCL
between buildings, streets and other outdoor spaces. To relate the effects of a particular urban
structure and its morphological features with these physical processes, three main approaches are
usually implemented in literature. They consist of:

o characterizing existing urban configurations, which may mainly be done from the block to

the district scale;

o studying generic urban types that have previously been defined, which may mainly be done
from the block to the neighborhood scale as well;

o and defining categories of typical urban configurations with respect to their expected micro-
climatic, thermal or aerodynamic effects. This may be done at the district scale to consider
averaged effects, or on the urban block or building scales to focus on specific physical phe-

nomena.

The former method often attempts to relate urban layouts to a bio-climatic potential (Adolphe,
2001b) or an energy consumption level (Ratti et al., 2005; Salat, 2011; Steemers et al., 1997).
Quantitative morpho-metric indicators (see Sec. 2.2) are often used. These indicators inform on
the potential bio-climatic behavior of a given urban area, e.g. on the effects of urban forms on
the received solar energy or the modification of winds in an open space. Used as parameters into
simplified equations, these indicators can also inform on an energy consumption level for heating.
Such an approach does not consider the physics in detail but rather some simplified relations in

order to provide material for comparisons (Steemers et al., 2004).

2Qriginally: “dans sa dimension environnementale, comme micro-climat (urbain), tant dans ses variations géo-
graphiques par quartier, que dans sa diversité lie aux types de tissus (ouvert /fermé /semi-ouvert), selon Uorientation
(hélio-thermique), selon le site (eau, relief, végétation).(Lévy, 2005)
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Another approach based on the analysis of existing urban configurations consists in charac-
terizing climatopes in order to provide design guidelines for the urban development. According
to Scherer et al. (1999), climatopes can be defined as “areas of characteristic combinations of
climatic factors and of similar relative significance for their surroundings, operating on a spatial
scale of several tenths to hundreds of meters”. In this approach, each area is characterized by an
areal type, which characterizes the land-use structure (e.g. dense urban housing), and a ventila-
tion class (e.g. terrain-induced ventilation path or reduced ventilation). Ventilation classes refer
to characteristic combinations of climatic factors controlling local and regional aerodynamic pro-
cesses that result in typical ventilation patterns. This climatope approach was especially applied
on the area of Basel, Switzerland. Following a similar approach, Acero et al. (2013) mapped the
city of Bilbao, Spain. Using spatial information, climate measurements and knowing the specific
urban climate, the thermal loads and dynamic potential of different urban zones were assessed.
Thermal loads refer to the stored heat intensity, surface fraction and the presence of vegetation.
The dynamic potential accounts for the air ventilation and exchange capacity and is based on

ventilation paths and slopes.

Unlike the analysis of existing urban areas and thanks to their relative simplicity, the study of
archetypes enables straightforward comparisons, detailed investigations of the different physical
phenomena and parametric studies to be made. As a consequence, fundamental mechanisms can
be highlighted and useful basis for further more complex studies can be provided. Using such
an approach and some morpho-metric indicators, Steemers et al. (1997) analyzed the implica-
tions of urban morphology in terms of solar availability, wind conditions and dispersion. These
archetypes are pavilions, slabs, terraces, terrace-courts, pavilion courts and courts (see Sec. 1.2.3
and Appendix D). Ratti et al. (2003) reduced then the scope down to three of these archetypes,
which were compared for their environmental performance in a hot and arid climate: the tra-
ditional Arabic courtyard, the micro-pavilion and the bigger pavilion. These studies highlighted
the different behaviors of compact or detached forms, as well as the particular case of courtyards,
which experience very specific internal thermal and aerodynamic conditions. Considering arrays
of slabs, pavilions and courts, and varying their layouts and heights, Huang (2010) examined the

effects of urban morphology on the building energy performance.

Extending the two above-mentioned approaches and providing for a wider applicability, some
categorizations of urban configurations with respect to their thermal performance or micro-climatic
effects have been established. Considering the evolution of urban forms from indigenous to mod-
ern patterns, Golany (1996) distinguished the compact, dispersed and clustered forms. Each of

them constitutes a more or less adapted solution to specific climatic issues.

From another perspective and based on the identification of significant land uses that may af-
fect urban micro-climates as well as urban thermal zones that are related to the urban geometry,
street configuration and construction materials, Oke (2006a) designed a typology of urban zones.
These urban climate zones (UCZs) are expected to have substantial effects on the urban climate.
These UCZs are correlated with different roughness classes, structures (in terms of street aspect

ratio, building height and density), covers (surface imperviousness) and metabolisms (land use
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Urban climate zone Rough. | Aspect %

I
(ucz) mage class ratio Imperv.

1. Intensely developed urban

with detached close-set

high-rise buildings with Il . I h I I 8 > 2 > 90%

cladding, e.g. downtown
towers.

2. Intensely developed, high
density urban with 2 to 5

storey, attached or very . 1.0 to 0
close-set buildings often of I . I . . . I . 7 2.5 > 85%
brick or stone, e.g. old city

core.

3. Highly developed, medium
density urban with row or 0.5 to
detached but close-set houses, | B+ afs I‘. s rap 7 : 70 to 85%

1.5
stores and apartments e.g.
urban housing.
4. Highly developed, low or
medium density urban with 0.05 to
large low buildings and paved | === = 5 ' 0.2 70 t0 95%
parking, e.g. shopping mall, '
warehouses.
. 0.2to
5. Medium development, low 06. 1
density suburban with 1 or 2 > UP
ta g a¥ 30 sanf ¢ 6 to > 1 <40%
storey houses, e.g. suburban depends
housing. onptrees
6. Mixed use with large 0.1to
buildings 11'1 oPen landscape, a?? 1 ontemmtE ¥ e 5 0.5, < 40%
e.g. institutions such as depends
hospital, university, airport. on trees
7. Semi-rural development, > 0.05
scatFered houses in natural or v # v ol 9e, 4 depends <10%
agricultural area, e.g. farms, on trees

estates.

Table 2.1: Urban climate zones (UCZs): “Simplified classification of distinct urban forms arranged
in approximate decreasing order of their ability to impact local climate”. (From (Oke, 2006a))
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or human activities). They cover a large diversity of landscapes as they go from semi-rural devel-
opments in natural areas to intensely developed city centers with towers. Tab. 2.1 details these
UCZs.

Stewart and Oke (2012) refined the UCZs in order to represent better the urban and rural types
that are related with specific temperature levels. Based on temperature measurements, a typology
of local climate zones (LCZs) was established. Each LCZ is characterized by its temperature
regime and refers to a local scale unit (about 1km? according to Oke (2006b)). On the basis of
these LCZs, the UHI effect can be better characterized and urban built types can be linked with
expected micro-climatic properties. The classification of the LCZs distinguishes ten built types.
They are characterized by their typical sky view factor (Sec. 2.2.1), aspect ratio, height, ratio of
built surface and relative surface imperviousness as well as roughness class. These built types can
be associated with seven land covers to better evaluate their potential climatic effects. These LCZs
are detailed in Appendix E. Note that aerodynamic criteria should be considered to complete this

approach, in addition to temperature related parameters.

Focusing on street level dispersion processes, which are more correlated with aerodynamic
processes, Theurer (1999) proposed a classification of typical building arrangements and green
spaces. Appendix D.3 describes these types. In association with recommended morpho-metric
parameters, such as the aspect ratio or the building spacing as well as roof shapes, these typical
urban layouts could be used in wind-tunnel or numerical studies. Based on German patterns, the
identified building arrangements and green spaces are:

o single- or double-family buildings of 1 to 2 stories;

o dense urban developments, residential and commercial, with 1 to 3 stories;

o building rows, building blocks of 2 to 4 stories;

o block edge buildings (enclosed blocks), with 2 to 4 stories.

o city centers;

o commercial areas;

o industrial areas;

o green areas with few trees;

o and parks with trees, forest areas.

The three above mentioned approaches that either address real urban fabrics, consider generic
urban forms or design typical urban categories with respect to their bio-climatic effects are com-
plementary. They can more or less account for the details of physics or urban characteristics, and
have different fields of application. In particular, the study of representative generic urban forms
or general categories enables a wider scope of applicability of the findings. Furthermore, a better

understanding of the physical processes with respect to the urban configuration can be achieved

using simplified generic urban forms.
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2.2 Urban morpho-metric indicators (UMMIs) addressing thermo-

aeraulic exchanges

Complementary to usual urban metric indicators, specific urban morpho-metric indicators (UM-
MIs) are often used to characterize urban forms from a bio-climatic point of view. As they char-
acterize urban morphological properties, most of them address both thermal and aerodynamic
trends to some level. UMMIs thus inform on how a certain morphological feature may affect

energy and air exchanges in an urban context.

Thanks to their quite simple formulation, such indicators can generally be easily understood
and allow for straightforward parametric studies and comparisons. Their scope for use is very
large as they can be applied to any kind of urban pattern and require no significant computational

resources.

In order to identify the morphological factors that affect aerodynamic processes and energy ex-
changes in the UCL, a selection of such UMMIs is given hereafter with some explanatory schemes
and descriptions. Tab. 2.2 synthesizes the different UMMIs with respect to their links with aerody-
namics or heat transfers. Appendix F provides most of their formulae. Other urban form factors
in relation to urban archetypes can be found in Huang (2010); Huang et al. (2008).

Unbuilt Built
Volumes Volumes
Air Porosity
Flows Sinuosity
Variance

Mean rugosity
Passage Ratio
Blockage Ratio
Frontal Area Ratio
W/S
Plan Areal Fraction
Aspect Ratio

Sky View Factor
Occlusivity
UHA
Thermal Form Factor
Exchanges Contiguity
Building Passive Volume Ratio
Performance Size Factor

Table 2.2: Classification of UMMIs with respect to their link with air flows and heat fluxes.
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2.2.1 UMMIs addressing the openness of city toward the sun, sky and atmosphere

By determining the capacity of an urban area to receive short-wave radiation from the sun, ex-
change long-wave radiation with the sky as well as to interact with the air flows aloft the canopy,
the following UMMIs address both aerodynamic and thermal processes:

o the aspect ratio of canyons (Oke, 1987, 1988; Steemers et al., 1997);

o the sky view factor (Oke, 1987, 1988; Ratti et al., 2003; Robinson, 2006; Steemers et al.,
1997);

o the occlusivity (Adolphe, 2001b) or rate of reduction built floor area with height (Steemers
et al., 1997);

o and the urban horizon angle (Ratti et al., 2005).

W

Aspect Ratio Sky View factor Occlusivity Urban horizon angle

Figure 2.2: Schematic illustration of some UMMIs addressing the openness of the city to the sun,
sky and atmosphere.

The aspect ratio (H/W) is a 2D indicator, which evaluates the relative dimensions of a canyon
in a vertical plane. Its value gives information on the ability of the canyon to receive sun beams
or to be shadowed, as well as to release long-wave radiation to the sky. It also provides infor-
mation about the expected air flow regime taking place within this space, generally considering
a perpendicular wind incidence. A variant of this indicator is proposed in Ratti et al. (2006) to

account for asymmetric configurations and a wider range of orientations.

The sky view factor (SVF) at ground level gives a measure of the openness of an urban fabric
to the sky and the atmosphere, thus informing on its potential exchanges with the part of the
atmosphere located above. It gives the portion of the sky that is viewed from a point located on
the ground with respect to the total hemisphere.

The occlusivity or rate of reduction built floor area with height provides an integrated indi-
cation of the distribution of built perimeters, accounting for the three dimensions of the space.
When the built volume decreases with height, physical exchanges with the sun, the sky and the
atmosphere are promoted.

The urban horizon angle (UHA) corresponds to the angle formed by an horizontal line passing
through the middle of a vertical surface, and the line passing by the same point and the mean
surrounding roof tops. It provides information about on the relative obstruction of a surface and
gives an indication on the potential radiative exchanges that can occur between the surface and
the other urban surfaces, the sky and the sun, as well as the potential exposure of the surface to
the free flow.
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2.2. Urban morpho-metric indicators (UMMIs) addressing thermo-aeraulic exchanges

2.2.2 UMMIs mainly addressing aerodynamic processes

Indicators addressing urban aerodynamic processes mostly characterize open volumes in terms of
their relative dimensions in relation with the buildings as well as the urban roughness. They can
be related to the ventilation potential and flow regimes in the UCL on the microscopic level, or
the overall urban aerodynamic drag and mean wind modification on the macroscopic level. From
the ones usable at the smaller scales to those applicable on larger scales, the related UMMIs are:

o the length to height ratio (L/H) (Oke, 1988) or length to width ratio (L/W) (Kastner-Klein
et al., 2004) of street canyons;

o the W/S ratio of passage between two buildings (Blocken et al., 2007a);

o the blockage ratio (BR) (Brown and DeKay, 2000) and the passage ratio (PR) (Hu and
Yoshie, 2013);

o the frontal area ratio (Grimmond and Oke, 1999);

o the mean porosity (Adolphe, 2001b);

o the sinuosity (Adolphe, 2001a,b);

o the plan areal fraction (Grimmond and Oke, 1999);

o the absolute rugosity or canopy mean height (Adolphe, 2001b);

o the relative rugosity (Adolphe, 2001a), and the permeability (Steemers et al., 1997) / vari-
ance (Ratti et al., 2006);

o and the roughness length (z; and zero displacement height z;;) (Grimmond and Oke, 1999).

k4 W
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A\ ¥
€ > -

s -
H/L WIS Frontal area ratio Plan areal fraction
"""""""""""""""" A ¢
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Ay Ay | i 1 W, v,s

Blockage ratio Porosity Sinuosity Mean and relative rugosity

Figure 2.3: Schematic illustration of some UMMIs addressing aerodynamic processes.

The length to width ratio (L/W) completes H/W as it evaluates relative dimensions of a street
canyon in the streamwise plane. L/H is related to L/W through H/W. In addition to H/W, these
ratios inform on the flow regime taking place in an urban street canyon, accounting for the effects
of the additional horizontal flows coming from the sides.
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The W/S ratio is a dimensionless factor that characterizes the relative proportion of a passage
width with respect to the building influence scale (S), with S depending on the dimensions of
the building windward facade. As this ratio increases, the resistance, interaction or isolated flow
regimes develop between buildings, as a result of the development of corner streams.

The blockage ratio (BR) is a 2D indicator that evaluates the proportion of the span wise section
of the flow that is obstructed by built elements.> Typically, it informs on the blocking effect
encountered by the wind as it impinges on a built area. Extending this notion and W/S, the
passage ratio (PR) evaluates the ventilation efficiency of a cuboid array as a function of the width
of the windward facades and the spacing between obstacles. The higher its value, the more
efficient the ventilation.

In the same perspective, the frontal area ratio (Ay) evaluates the ratio between the frontal
area of a built structure with respect to its total plot area. The higher this ratio, the higher the
blocking effect.

The mean porosity extends the concepts of blockage ratio and frontal area ratio as it char-
acterizes the proportion of useful open volume according to the total urban volume in order to
evaluate its effects on the pressure-gradient flow, considering streets parallel to the mean flow. It
takes into account the rectangular shape of streets and other open spaces which are located within
the canopy layer but ignore semi-enclosed or enclosed courtyards as well as streets perpendicular
to the mean flow.

The sinuosity completes the mean porosity as it measures the angle between the streets and
the mean wind direction. Thus, it indicates the potential of the street network to disturb the

pressure-gradient flow due to its orientation.

The plan area fraction (Ap) is generally understood as the measure of the built density. It is
also often called the packing density of urban elements. It evaluates the area of built roughness
elements with respect to the total plot area. As this ratio increases from zero to about 0.5, the
urban roughness increases. For higher values, roughness decreases as the skimming flow regime
occurs (Appendix B).

The absolute rugosity or canopy mean height informs on the overall effect of an urban area
on the change in the mean wind profile.

The relative rugosity and the permeability / variance provide directional information on the
relative regularity and smoothness of an urban texture by evaluating the mean square deviation
of the canopy’s height. It gives information on the direction of the most effective ventilation.

As discussed in Sec. 1.1.1, the roughness length and zero displacement height inform on the
general effects of an urban area on the mean wind profile modification on large scales. Their
values mainly depend on the mean building height, the coverage ratio and the frontal area ratio.
More details can be found in Grimmond and Oke (1999).

3This indicator is often adapted to be used in CFD and wind tunnel modeling as a quality indicator for the domain
section with respect to the front size of the obstacle (see Sec. 3.1.2.2).
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2.3. Synthesis of the morphological factors affecting urban air and heat fluxes

2.2.3 UMMIs addressing the ability of a building to interact with its outdoors

These indicators address the building thermal exchanges through its envelope as well as the po-
tential for natural ventilation and infiltration. These processes depend on the characteristics of
the interface between the building and its immediate environment, and in particular of its area.

They mainly refer to the building scale. The main indicators are:

o the building volumetric compactness or surface to volume ratio (S/V) (Adolphe, 2001b;
Ratti et al., 2005; Salat, 2011; Steemers et al., 1997);

o the passive volume ratio (Ratti et al., 2005; Salat, 2011; Steemers et al., 1997);

o and the contiguity (Adolphe, 2001b).

The building volumetric compactness or surface to volume ratio (S/V) should be decomposed
into two parts, namely the building form and the building size factors. The form factor is a
dimensionless value characterizing a shape. It is given by the ratio of the envelope area over the
built volume to the power of 2/3. The higher the value, the more physical exchanges may occur
through the building envelope as the building becomes less compact. The size factor gives the
typical length of a facade of the building or the typical distance between a point to the envelope.
The greater this distance is, the more artificial lighting and mechanical ventilation are generally

needed.

The passive volume ratio evaluates the proportion of the building volume that is located less
than two times the floor height (& 6 m) from the facade. This volume may benefit from natural
lighting and ventilation, but this greatly depends on the facade orientation and design. As it is
an indicator of building width, it can be linked to the size and the form factors.

The contiguity measures the proportion of building facade which is not directly in contact
with the outside, but adjacent to another built volume (not a buffer zone). Those walls cannot
take part in the exchanges between the building and its external environment.

2.3 Synthesis of the morphological factors affecting urban air and
heat fluxes

2.3.1 Main morphological factors affecting urban air flows

According to Sec. 1.1.1 and Sec. 1.2.3, the findings of the studies synthesized in Sec. 2.1.2 and
the review of the UMMIs addressing urban aerodynamics given in Sec. 2.2.2, three main effects
of the urban structure on air flows can be distinguished.

o The first effect refers to spatial scales larger than the neighborhood (macroscopic level). It
addresses the aggregated effects of the UCL on the mean wind profile.
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Figure 2.4: Main morphological factors affecting urban aerodynamic processes.

o The second effect refers to spatial scales smaller than the neighborhood (microscopic level).
It addresses the direct exchanges and interactions that can occur between the flow patterns
developing inside the UCL and the above free flow, i.e. the potential exchanges through the
urban canopy;*

o The third effect also refers to spatial scales smaller than the neighborhood. It addresses the

UCL’s internal flows, i.e. inner flow paths and recirculation phenomena.

Of course, this decomposition is rather arbitrary as all these aerodynamic processes and phenom-
ena are closely linked with each other.

The general modification of the wind profile by urban areas depends on the urban overall
structure and especially of its density and regularity in terms of the street network and building
heights. Because of the drag force experienced by the mean flow due to friction on this active
surface, the pressure-gradient flow is altered. So does the mean velocity profile. This adjustment

can be translated by a modification of 2z, and zj, as discussed in Sec. 1.1.1.

Flow modifications are conditioned by the averaged effects of two main urban factors, which
determine the flow features on smaller scales: the urban roughness and urban porosity. The def-
initions of these concepts extend the ones considered by Adolphe (2001a) as these concepts are
actually morphological factors and not indicators. Moreover, they are defined at the street canyon
and block scales. Fig. 2.4 synthesizes their related urban morphological parameters. Tab. 2.3
summarizes the small scale aerodynamic processes involved as well as their related urban mor-
phological features.

*These exchanges are related to the concept of breathability as defined by Neophytou (2015).
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2.3. Synthesis of the morphological factors affecting urban air and heat fluxes
Urban roughness: Urban porosity:
external exchanges internal flow paths
through the canopy and recirculation phenomena
\—/
| —

Physical - Flow driven from above - Aerodynamic drag

processes - Free flow penetration - Flow channeling or blockage

involved - Additional air supply - Flow interference

Main - Openness to the atmosphere | - Horizontal openness
morphological || - Dimensions / buildings - Connectedness
features - Canopy’s heterogeneity - Geometry

Table 2.3: Relations between urban roughness and porosity with aerodynamic processes.

Urban roughness mainly depends on the openness of the urban fabric to the above atmosphere
and the distribution of building heights. It also conditions the vertical exchanges through the
canopy. It determines the potential of the free flow to penetrate the UCL or the development of
above flow-driven internal recirculation phenomena (such as in the skimming flow regime). It
also determines the potential additional air supply due to higher urban obstacles, which induce
downward flows. Urban roughness conditions the mechanical development of turbulence due
to shear stress or flow separation processes as well, which can substantially improve turbulent
exchanges between the UCL and the air above. Thus, urban roughness mainly refers to geometric
and dimensional parameters.

Urban porosity addresses the potential horizontal exchanges inside the UCL. It conditions flow
paths, interference effects or flow entrapment. Therefore, it determines the capacity of the flow
to circulate through the UCL in an almost horizontal way. These internal flows can be channeled,
deviated, swirled or blocked depending on the features of the network of open spaces, which may
differ by its orientation, continuity, connectedness and width, as well as the overall geometry
and layout of buildings. Hence, urban porosity mainly depends on topological, geometric and

dimensional parameters as these parameters are essential in shaping these internal flow patterns.

Hence, urban roughness and porosity condition the aerodynamic phenomena that develop
inside the UCL. They are especially critical in shaping the air flow structures developing in streets,
intersections, squares and courts. They also greatly contribute to determine the relative wind
velocities and turbulence intensities in these different outdoor spaces.

2.3.2 Main morphological factors affecting urban and building heat transfers

According to Sec. 1.1.2 as well as the review of the UMMIs addressing the openness of urban
fabrics toward the sun and the sky (Sec. 2.2.1) and the potential of buildings to exchange with
their environment (Sec. 2.2.3), three main categories of heat transfer can be distinguished:
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Figure 2.5: Main morphological factors affecting building heat transfers.

o the external energy exchanges, i.e. the heat transfers that develop between the UCL and
the sky and the sun (as well as those due to air flows);

o the internal energy exchanges, i.e. the heat exchanges between urban surfaces;

o and the thermal exchanges occurring at the building interface with the outdoors, determin-
ing the building energy balance.

This classification is still arbitrary as all the related energy exchanges are correlated.

The UCL external exchanges are mostly related to the potential of sun heating and radiative
cooling of urban surfaces. These exchanges depend on the openness of the urban texture toward
the sun and the sky as well as on the orientation of the urban surfaces in relation to the sun
position. These parameters determine the solar exposure or sun shading of urban surfaces. They
also condition the potential amount of long-wave radiation that can be released by warm urban
surfaces to the cool sky by night.

The internal heat exchanges that develop between urban surfaces involve multi-reflections
of incident solar radiation as well as long-wave radiation transfers between surfaces of differ-
ent temperatures. Only considering the urban structure, these exchanges depend on the total
(unfolded) surface area, including building walls and outdoor floors, as well as the form factors
between these surfaces. Note that these form factors are complementary to the openness of urban
surfaces to the sky.

The building energy balance is influenced by the envelope area, as well as the building width.
Only considering morphological parameters, the envelope area determines the potential convec-
tive and radiative heat transfers that can occur between the building and its immediate envi-
ronment. These exchanges are intensified in case of highly glazed buildings. It also determines
the potential for natural wind-driven ventilation and infiltration, as larger envelope areas pro-
vides larger room to place openings and leaks. The building width conditions the potential of the
building to use passive energy inputs as well as to benefit from natural lighting.
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2.4. Design of urban form typologies

External exchanges
with the sky and the sun

\ /

Internal exchanges
between urban surfaces

Building
energy efficiency

| x

Physical - Sun heating - Multi-reflections - Convective and
processes - Radiative cooling - Radiative trapping radiative transfers
involved (- Convection) - Absorption - Natural ventilation
Main - Openness to the sky - Unfolded area of - Interface area
morphological || and the sun urban surfaces / envelope
features - Orientation - Form factors - Building width

Table 2.4: Relations between the urban fabric and heat transfers.

Hence, small scales urban thermal exchanges mostly depend on the openness and orienta-
tion of urban textures in relation to the sky and their reciprocal relative obstruction levels, as
well as the area of urban surfaces. Fig. 2.5 synthesizes the related urban morphological parame-
ters. Tab. 2.4 summarizes the physical processes involved in these internal and external radiative
exchanges and the building energy efficiency, as well as their related morphological factors.

2.4 Design of urban form typologies

2.4.1 Design methodology

The aim of this methodology is primarily to design a typology of urban structures in order to link
them with typical flow patterns occurring within the UCL. Considering the complexity of aero-
dynamic phenomena and the multiplicity of architectural features and details that affect flow
structures, generic case studies are considered. Such an approach has a wide scope for appli-
cability and representativeness, despite involving a substantial simplification of urban forms and
some arbitrary choices. As presented in Sec. 1.2, the building or street canyon / urban block scales
are relevant for studying very local physical phenomena. Based on the literature review presented
above, this approach could be further extended to more general micro-climatic issues.

The second objective of the approach is to try to account for the wide variety of urban fab-
rics that exist around the world. There is a need for several real urban textures to be analyzed,
and not only the occidental and modern ones. Studying developing countries is important as
they are subject to a very fast urban growth. Furthermore, cities in these countries are home
to very diverse ways of life and are located in contrasting climates. This involves particular ur-
ban and architectural challenges given that healthy ambient conditions should be ensured, while
the artificial air conditioning is often not possible. Analyzing their vernacular urban forms can
thus highlight efficient bio-climatic strategies (Golany, 1996). The corpus of urban fabrics we
considered is therefore based on Firley and Stahl (2010), in which thirty real urban fabrics cor-
responding to urban neighborhoods of the late XVIII to the early XX centuries that are located
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Figure 2.6: Examples of urban fabrics studied. (From (Firley and Stahl, 2010))
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2.4. Design of urban form typologies

around the world are reviewed. Fig. 2.6 shows some examples of these urban fabrics. These
neighborhoods are mostly composed of housing and are fairly homogeneous. Firley and Stahl
(2010) carried out a spatial analysis at medium scale, which mostly dealt with the spatial orga-
nization and the relationships that exist between the dwellings and their surrounding courts and
streets as well as the status of open spaces. This analysis could be further extended to examine
the micro-climatic features of these urban spaces with respect to their morphological properties,
to highlight how they could promote or restrict social practices.

Hence, the different urban fabrics were analyzed considering:

o the physical processes involved in determining urban air flows inside the UCL (Sec. 1.1.1
and 1.2.3);

o the relevancy of the building and street canyon as well as urban block scales to study small
scale urban flow structures (Sec. 1.2 and 2.1.1);

o the main morphological factors affecting urban internal aerodynamic processes synthesized
in Sec. 2.3.1;

o the corpus of worldwide traditional neighborhoods given in Firley and Stahl (2010) and
the importance of courtyards in traditional as well as some contemporary urban patterns;

o and the three main categories of criteria suitable for the urban morphology analysis defined
by Burdet (2011) (Sec. 2.1.1).

Their main morphological features were identified in order to highlight some common texture
properties and to initiate a semi-empirical classification of urban forms. The approach focuses
primarily on the topological features of urban forms. The existence of courts, the openness and
the connectedness of outdoor spaces, as well as their orientation and distribution are particu-
larly examined. As outdoor and built volumes reciprocally define themselves, these parameters
correspond to the compactness, continuity and the fractality of the buildings shapes and layouts.

Two typologies of five generic buildings and urban blocks were designed. Fig. 2.7 synthesizes
the general design methodology. A typical length has been kept constant for all types within the
two typologies rather than retaining the built volume or the total built area constants.

Note that because of the different considered criteria (morphology or spatial configuration)
and although they may have similar abstracted shapes, some urban patterns could not be at-
tributed to the same class in our typologies as they are in Firley and Stahl (2010). Moreover,
traditional and century-old urban fabrics do generally not correspond to idealized master plans,
but testify to processes of many decades of increasing complexity, even if they may have followed
an initial urban master plan (as Cerda’s blocks in Barcelona, Spain), or have been subject to great
urban modifications (such as the Hausmannian Paris, France). In addition, cities may not nec-
essarily have had planning rules, or these may be relatively recent so that older neighborhoods
might have freely developed. As a consequence, when examining a real urban fabric at the block
or neighborhood scale, it is often not possible to classify it as fitting only one of the defined types.
However, such configurations can generally be understood as combinations or hybridizations of
the basic morphological types.
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Figure 2.7: Summary of the design methodology of the generic isolated building and urban block
typologies for small scale aerodynamic (and micro-climatic) studies.

2.4.2 Proposed typologies of isolated buildings and urban blocks
2.4.2.1 Proposed typology of isolated buildings

Five types of isolated buildings compose the isolated building typology. Fig. 2.8 and Tab. 2.5 give
their representations and main morphological characteristics respectively. For this first typology,
the typical horizontal length is 2H, with H being the obstacle height. From the most to the least
compact, the five isolated building types are:

o the cube;

o the cuboid;

o the L building;
o the U building;

o and the patio building (named patio hereafter).

The typology shows decreasing compactness from the cube to the patio, which corresponds to
the appearance of a court. Initially the courtyard merely intersects with the obstacle. It becomes
progressively more integrated, until it is totally contained inside. Thus, for the cube and the
cuboid, the outdoor volume is external to the obstacle and totally open. Then, the number of
edges is increased throughout the typology. The edges correspond to the limits of the void and
characterize its concavity. In the patio type, the courtyard is totally enclosed. The two extremes
of the typology, namely the cube and the patio, are negative images of each other.

With this first typology, the influence of the building shape itself can be analyzed, especially
with regard to its relative dimension and orientation as well as the existence and position of a
courtyard. This later design feature is key in many urban developments while producing specific
internal wind and thermal conditions (Givoni, 1998).
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2.4. Design of urban form typologies
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Cube Cuboid L building U building Patio

Figure 2.8: 3D and plan views of the five types composing the typology of generic isolated build-
ings: emergence of a courtyard. Height of each type: H.

|| Cube | Cuboid | “L”

“u” | Patio |

Floor Area [H?] 1 2 1.75 | 1.5 3
Volume [H?] 1 2 1.75 | 1.5 3
Envelope Area [H?] 5 8 7.75 | 8.5 15
Compactness Factor [H '] 5 4 4.43 | 5.67 5
1/Size Factor [H] 1 1.26 1.21 | 1.14 | 1.44
Shape Factor [—] 5 5.04 | 534|649 | 7.21
Mean horiz. side length [H] 1 1.5 1 0.9 1.5
Nb. of horiz. sym. planes 4 2 0 1 4
Nb. of horiz. open sides of the court - - 2 1 0

Table 2.5: Morphological characteristics of the isolated building types.
Nb: Number, horiz.: horizontal, sym.: symmetry.

2.4.2.2 Proposed typology of urban blocks

Five types of urban blocks compose this second typology. Fig. 2.9 and Tab. 2.6 give their repre-
sentations and main morphological characteristics respectively. The typical horizontal length of
a block is taken to be 8 H’, H’ being the obstacle height. From the two types with (horizontally)

open voids to those that include enclosed courtyards, the five urban block types are:
o the cube array;
o the row block;
o the U block;
o the enclosed block;

o and the continuous patio array.
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Figure 2.9: 3D and plan views of the five types composing the typology of generic urban blocks.
Height of each type: H'.

|| Cube array [ Row block [ U block [ Encl. block | Patio array |

Floor Area [H?] 160r1 32o0r16 40 48 48
Volume [H?] 160r1 32o0r16 40 48 48
Envelope Area [H?] 80 or5 72 or 36 84 96 144
Compactness Factor [H™!] 5or5 2.25 or 2.25 2.1 2 3
1/Size Factor[H] 2.520r1 | 3.170r 2.51 3.42 3.63 3.63
Shape Factor [—] 12.6 or5 | 7.14 or 5.67 7.18 7.27 10.9
Mean horiz side length [H] 1 5 5.5 6 1.41
Nb. of hori. sym. planes 4 2 1 4 4
Void connectedness conn. S. conn. S. conn. S. conn. not conn.
Nb. of horiz open directions 4 2 1 0 0
Void aspect ratio 1 0.5 0.25 0.25 1

Table 2.6: Morphological characteristics of the urban blocks types.

Nb: Number, horiz.: horizontal, sym: symmetry, conn.: connected, s. conn.: simply connected.
When two values are given, they respectively refer to the whole built volume and a built unit.

A progression can also be identified in this typology, moving from the cube array to the con-
tinuous patio array. The unbuilt volume of the cube array is not simply connected, but continuous
and open on both axes of the horizontal plane. Then, the unbuilt volume progressively becomes
less open on the horizontal plane. It becomes larger and, for the row block, it crosses the block
along one axis. It loses then step by step its horizontal openness (through the U block and en-
closed block types) until it becomes a network of small enclosed courtyards in the continuous
patio array. As the built volume increases in continuity, the open space gradually loses its open-
ness and unity. Spaces located between the built volumes are smaller (higher aspect ratio) in the
two extreme cases than in the three stages in between. The structure of the extreme cases is more
fractal, and they are negative images of each other.
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2.5. Summary

With this second typology, the effects of the block relative composition, openness and frac-
tality on the inner flow structures can be examined. Differences in their flow structures due to
the presence of several obstacles as opposed to an isolated obstacle configuration (interference
effects) can also be studied. The effect of the overall group on the upper scale of the entire urban
block, especially with regard to its porosity, can be examined as well.

2.4.3 Discussion of the typologies

Abstracting urban fabrics to design generic typologies necessarily produces simplified urban types.
In the current case, the types are regular, orthogonal and straight-shaped. As a consequence,
some main morphological features that characterize real urban patterns are neglected despite
being critical in determining urban flow patterns. Some arbitrary choices were made, such as
working with a typical length and a constant height and not a constant built volume or footprint.
Nevertheless, even though very restrictive, such choices are necessary when working on generic
forms in order to provide a basis for a wide scope for further developments and parametric studies.

Neglecting variations in height allows a first planar comparison of morphological configura-
tions. However, considering a constant height involves substantial limitations. Essentially, the
improvement of vertical mixing due to an increase in the canopy roughness is overlooked. An-
other consequence is that the U and the enclosed blocks have an aspect ratio of 0.25, which seems
rather low when compared to real dense urban fabrics. Nonetheless, as these continuous built
volumes have similar topological features as the U building and the patio, for which the aspect
ratio value is 1, they can be studied in parallel and compared to these single building types.

Other important morphological parameters that are not taken into account in these types in-
clude the variation of the urban densities as well as the alignment staggering of arrays, which
substantially affect urban aerodynamics processes (see Sec. 1.2.3). Nevertheless, due to the fact
that they increase the geometric complexity without creating new morphological classes as de-
fined in our typologies, the modification of the obstacle heights and canyon aspect ratios, the
staggering of array’s layout and other geometrical declinations as well as the modification of the

typical lengths and dimensions are kept as subsequent variants for each type.

2.5 Summary

A transverse and semi-empirical approach is developed for designing generic urban typologies
suitable for small scales urban aerodynamic studies. Air flows within the UCL are especially
targeted, so the building and urban block scales are considered. Based on a literature review, the
main morphological factors that are key for urban aerodynamics are identified. These factors are
linked to the properties of urban open spaces in terms of topology, geometry and dimensionality.
By combining these initial results with a morphological analysis and abstraction of worldwide
traditional urban fabrics, two generic typologies of urban forms are designed: one of isolated
buildings and one of urban blocks.

63

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0070/these.pdf
© [L. Merlier], [2015], INSA Lyon, tous droits réservés



Part I: Fundamentals and preliminary work
Ch.2: Design of generic typologies of urban structures for small scales aerodynamic studies

Five types compose each typology:

o the cube, the cuboid, the L the U and the patio, for the isolated building types;

o the cube array, the row block, the U block, the enclosed block and the continuous patio
array, for the urban block types.

These typologies are composed of regular and orthogonal forms to keep their genericity, and
thus allowing a wide scope for use, a high level of representativeness and further detailed inves-
tigations. The complexity of each type could be then increased in terms of relative dimensions,
obstacles height and arrangement of building groups. Homogeneity, symmetry, straightness and
the extent of each type can also be modified so that parametric studies on specific morphological
features may be performed.

Main contribution of this chapter:

o Design two generic typologies of built structures based on a detailed analysis of the main

factors affecting urban aerodynamic processes on the urban block scale.
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Part 11

Computational fluid dynamics for the
understanding of urban air flow
patterns
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Chapter 3

CFD modeling and validation study

As an essential and time-consuming step of any CFD study, this chapter presents the validation

of the aerodynamic model, with some prel