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Abstract

Urban climate is an expanding research field that poses a wide range of
scientific challenges, particularly in view of future climate change and in-
creasing urbanisation. As expected, the urban canopy plays a central role in
the dynamics of urban climate flows. Simplified geometries, typically con-
sisting of arrays of parallelepipeds, have been extensively investigated in the
literature through both numerical simulations and laboratory experiments,
including studies focusing on limited portions of real urban environments
and considering either calm or perturbed conditions. Despite these efforts,
the dependence of the flow dynamics on the specific geometrical and physi-
cal characteristics of the urban configuration makes it difficult to achieve a
comprehensive understanding of the complex phenomena involved and hin-
ders the development of a sufficiently general theoretical framework. To
address this limitation, this thesis proposes a novel approach based on the
development of a paradigmatic flow configuration aimed at reproducing the
essential features of urban environments. The methodology relies on an ide-
alised urban canopy described by a minimal set of five measurable statistical
parameters, thereby enabling a general assessment of the key urban char-
acteristics governing the urban climate without restricting the applicability
of the results to a narrow range of configurations. The potential of this
paradigmatic framework is assessed with the objective of establishing a ro-
bust best-practice methodology for urban climate studies. Direct Numerical
Simulation (DNS) is first conducted to provide fully resolved reference data,
by considering the conditions of natural convection at fixed Prandtl Pr = 0.7
and Rayleigh Ra = 10® numbers, in order to reproduce the urban heat island
effect during summer nights in the absence of wind. Subsequently, coarse
grained simulations are performed, to reduce the computational cost while
retaining the capability to capture the dominant flow structures and heat
transfer mechanisms. Furthermore, a parametric study is carried out to dis-
close the role of selected key urban parameters in shaping the urban climate.
The interaction between urban geometry and heat transfer mechanisms is
analysed under both pure natural convection and mixed convection con-
ditions, the latter characterised by a Richardson number of approximately



Ri ~ 1, accounting for the additional effect of an incoming colder mean wind.
Overall, the results demonstrates the capability of the proposed framework
to systematically investigate the influence of fundamental urban parameters
and to identify the key physical processes governing the urban climate.
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Chapter 1

Introduction

Driven by the global population growth, which has accelerated over the
last decades, and is projected to continue rising steadily in the coming years,
urban areas are expected to expand significantly, due to their high popu-
lation density. Within this evolving urban context, cities are particularly
vulnerable to meteorological hazards as a result of the concentration of peo-
ple, assets, infrastructure, and capital stocks, which has led to growing con-
cern over urban climate issues and contributed to the rapid expansion of
this research field (Masson et al., 2020). In this context, Urban Heat Is-
land (UHI), which refers to urbanised areas that are warmer than their
surroundings, is the most studied phenomenon in the urban climate field
due to its impact, which ranges from human health to ecological changes.
Since its first documentation in London (Howard, 1818), numerous studies
have investigated the UHI phenomenon, showing how it manifests across di-
verse geographic and climatic contexts or in real urban environments such as
Hannover (Kabisch et al., 2023), Toulouse (Masson et al., 2020), and cities
across South Asia, for a review see Kotharkar et al. (2018). As suggested in
Oke et al. (2017), land artificialization is one of the major factors influencing
UHI. In particular, the urban canopy plays a central role in the dynamics of
the UHI flow, where a typical flow feature is known as the urban heat island
circulation (UHIC) (Wang et al., 2020) which has been investigated using
both numerical simulations and experiments under calm or perturbed wind
conditions. In the case of natural convection above a horizontally heated
urban surface, with no wind present, the dominant flow feature is the ther-
mal urban plume, a portion of the fluid with a temperature contrast with
respect to the background and originating from the canopy. This convec-
tive structure, first proposed by Clarke (1969), can be classified based on
the aspect ratio (AR) between the plume height and the source diameter,
as proposed by Lu et al. (1997). Two distinct regimes are identified: the
plume (AR > 1) and the dome (AR < 0.1). The former is characterised
by a neck that separates the lower and upper parts of the flow, with en-
trainment occurring along the sides. In contrast, the latter exhibits limited
vertical development, and entrainment is replaced by lateral shear layers, as



described by Fan et al. (2020).

The understanding of the complex dynamics that occur within the Ur-
ban Canopy Layer (UCL), which extends from the ground up to the height
of the dominant urban elements, is essential for weather forecasting mod-
els. Indeed, the transport of momentum, heat and pollutants within the
urban canopy is strongly affected by the spatial heterogeneity of the urban
canopy (Barlow and Coceal, 2008). In this regard, the effect of the urban
environment is commonly described by parameters such as the plan area
index, ratio between the total building area and the total plan area, the
frontal area index, the ratio between the building frontal area and the total
plan area, and the average building height (Masson et al., 2020; Sutzl, 2021,
Chen et al., 2021; Rostami et al., 2024; Coceal et al., 2006; Abd Razak et al.,
2013). Such parameters are also used in urban landscape generators (ULG)
(Siitzl and van Reeuwijk, 2020; Wilson et al., 2025) where the nature of the
geometries enable controlled studies of urban morphology at a neighbour-
hood scale (Wilson et al., 2026) but restricted to periodic or tiled domains.
However, such features are not directly resolved in mesoscale atmospheric
models such as the Weather Research and Forecasting (WRF) model but
rather are parametrized. As a consequence, a deeper understanding and ra-
tionalization of the transport mechanisms at the neighbourhood scale would
certainly impact the accuracy of the parametrizations of surface fluxes of
momentum and heat commonly employed in weather forecasting models.

In order to address this problem, scale-resolving simulations are often
used to provide detailed information about the small-scale physics of the
urban canopy layer. Most of the scale-resolving simulations performed are
based on a large-eddy simulation (LES) approach (Giometto et al., 2016;
Kanda et al., 2013; Xie and Castro, 2009). As a matter of facts, LES mod-
els such as uDales (Suter et al., 2022) and PALM (Maronga et al., 2020),
have successfully shown to enable building-resolving simulations and the so-
lution of the surface energy balance over complex urban geometries at the
neighbourhood scale (Belda et al., 2021; Siitzl et al., 2021). However, LES
remains inherently model-dependent, as only the large scales are explicitly
solved while the subgrid-scales are modelled and because of the typical use,
in urban applications, of wall functions to represent both momentum and
heat surface fluxes. To overcome these limitations of accuracy, direct nu-
merical simulation (DNS) constitutes a possible solution, resolving all scales
of motion without modelling assumptions, but at the expense of the com-
putational cost.

In addition to the lack of accuracy, a second limitation of current in-
vestigations is the focus on neighbourhood-scale configurations thus loosing



relevant phenomena related to rural-urban coupling such as the flow circu-
lation at the city scale. Indeed, many simulations consider limited districts,
which are appropriate for local transport but do not capture the overall
urban-rural flow circulation. Furthermore, numerous studies have consid-
ered simplified representations of the urban roughness. These typically con-
sist of periodic arrays of cubic or rectangular obstacles, either aligned or
staggered, and often elongated to mimic street canyons (Castro et al., 2017;
Leonardi and Castro, 2010; Blunn et al., 2022; Xie et al., 2008). Such ide-
alized approaches certainly enable controlled studies of the effect of urban
morphology at a neighbourhood scale on the dynamic of the UCL (Wilson
et al., 2026) but restricted to periodic or tiled domains. Consequently, the
symmetries introduced by such idealisations may not fully represent the in-
trinsic heterogeneity and irregularity of real urban environments (Barlow
et al., 2017).

Overall, the use of simplified urban canopies restricted to periodic or tiled
domains highlight limitations of existing simulations on neighbourhood-scale
configurations where large-scale circulations related to rural-urban coupling
are missed and where the solution is affected by the symmetries induced
by the idealized urban landscape generator adopted. Furthermore, the use
of LES approaches coupled with wall models for the surface fluxes of heat
and momentum highlights limitations in terms of reliability of the solutions
obtained. The aim of the present work is to address these two issues by
developing a general understanding of the urban climate phenomena with-
out constraining the applicability of results to a narrow range of scenarios.
The design of paradigmatic urban environments, that are well-defined from
a statistical point of view, and the simulation of entire urban landscapes are
identified in the present investigation as the two key aspects for accessing
the essential features of urban climate. In particular, we design a paradig-
matic urban canopy composed of non-periodic hexahedral buildings whose
geometric aspect ratios, orientations and arrangement are locally random
but globally well-defined. Thus, the paradigmatic city is defined from a
statistical point of view by five key non-dimensional parameters: the av-
erage coverage frequency, the building fraction, the average aspect ratio of
the building planform area, the average aspect ratio of the building heights
and the coefficient describing the radial shape of the city skyline. As it will
be shown in the following, these parameters effectively capture the main
statistical features of cities.

Furthermore, a reference configuration composed of hexahedral buildings
representing a small village, is first investigated through direct numerical
simulation under pure convection conditions, characterized by inhomoge-
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neous temperature boundary condition design to mimic a nocturnal urban
heat island scenario. Results from DNS are then compared with those of
Large Eddy Simulations, where grid resolution and turbulence closures are
varied to provide guidelines for high fidelity coarse grained simulations, still
lacking in literature. Finally the validated, coarse-grained approach, is em-
ployed in a parametric study where the morphological parameters are varied
to understand their impact on urban climate. This last analysis is further
extended to mixed-convection conditions, accounting for the combined ef-
fects of buoyancy and externally imposed mean flow interacting with the
urban canopy.

The thesis is structured as follows. Chapter 2 introduces the reduced set
of morphological parameters used to generate the idealised urban configura-
tions and describes the algorithm developed to construct the corresponding
paradigmatic canopy patterns. The numerical methodology is then pre-
sented in chapter 3, where both the direct numerical simulations (DNS) and
the coarse-grained modelling approaches are outlined. In chapter 4 results
from the DNS analysis of a paradigmatic urban heat island under pure-
convection conditions are presented, with emphasis on both the mean-flow
organisation and the associated turbulent dynamics. Building on this ref-
erence case, the coarse-grained simulation campaign is examined in chapter
5, where the performance of LES approaches is assessed and their mod-
elling implications are discussed. Chapter 6 extends the analysis to mixed-
convection conditions, focusing on the response of the reference configuration
to the combined action of buoyancy and external forcing. A broader para-
metric investigation is presented in chapter 7, where eight different urban
configurations are analysed under both pure and mixed convection regimes.
Finally, concluding remarks are reported in chapter 8. Appendices A and B
present selected results from research activities conducted during my PhD
within the framework of Master’s thesis that I co-supervised.



Chapter 2

Paradigmatic city patterns

Several investigations in urban climate are based on urban patterns ex-

tracted from real-case cities or parts of them. Although realistic, such con-
figurations inherently restrict the general applicability of the results. Fur-
thermore, most numerical and experimental investigations adopt simplified
geometries, typically cuboids or elongated rectangular blocks either aligned
or staggered, or stretched to represent urban canyons (Xie and Castro, 2006;
Abd Razak et al., 2013; Castro et al., 2017). In fact, urban models often
describe city structures using morphological parameters such as the plan
area index, \p, the ratio between the total buildings area and the total plan
area, the frontal area index Ay, the ratio between the building frontal area
to the total plan area and the standard deviation of the building height
on, among other. Many parametrizations of airflow above cities are based
on these and similar surface descriptors (Masson et al., 2020; Chen et al.,
2021; Sutzl, 2021; Rostami et al., 2024). However, the multi-scale nature of
urban flow dynamics complicates the identification of the primary param-
eters controlling the urban climate. To this end, idealized configurations
remain essential for identifying general flow behaviours and isolating the ef-
fects of key morphological parameters in urban environments. Hence, the
use of paradigmatic urban configuration described by a limited number of
statistical parameters, provides a more systematic approach than relying on
detailed reconstructions of specific cities, which would constrain the appli-
cability of the results to a narrow range of scenarios, characterized by the
same statistical properties.
The aim of this chapter is to introduce the five parameters identified as
characterising urban configurations and to describe the main stages of the
numerical algorithm used for the generation of paradigmatic cities of arbi-
trary shape investigated in this thesis.

2.1 Geometrical parametrization

The numerical algorithm that we propose, was developed for this thesis
work with the aim of create idealized urban configuration that could also rep-



2.1. GEOMETRICAL PARAMETRIZATION

: H

2

Figure 2.1: Schematic representation of the dimensions and orientation of
the parallelepipeds.

resent the main features of real complex city pattern, for the study of urban
climate. For that purpose, the urban canopy is composed by an ensemble of
hexahedral buildings, distributed within a circular domain of radius R. Each
hexahedral building exhibits unique dimensions, shape and orientation and
the distinctive character of each urban configuration is ensured only globally
by imposing that the ensemble of buildings statistically respect a minimal
set of five key urban parameters. In this way, morphological diversity is pre-
served within a statistically controlled framework. The first four key urban
parameters that are statistically targeted by the developed paradigmatic
urban environment are:

Ar nA 4 ()b
N — — P = (— = 21
A, Ap Ar AR, = ( ‘. b AR, \//Tp (2.1)

The longer and the shorter planform lengths and the buildings height
are denoted by ¢, {s and /¢, respectively, see figure 2.1. The notation (-);
indicates the algebraic average taken over all buildings. The average plan-
form area of buildings is defined as A, = ({;{s), while the total urban area
is given by A7 = mR?, where R is the city radius, as defined before. If n
denotes the actual number of buildings contained within the urban domain,
the statistical parameter N represents the maximum number of buildings
that can be placed in the city, being the ratio between the urban area and
the average building planform area. The density coverage of buildings, com-
monly referred to as the plan area index is A,. Lastly, AR, and AR, are
the average buildings planform and vertical aspect ratio, respectively. The
fifth parameter, denoted by ¢, is employed to describe the heterogeneous dis-
tribution of building heights among different radial distances from the city
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2.2. GENERATION OF THE URBAN CONFIGURATIONS

centre, thus defining the city skyline. It identifies the radial envelope g(r), a
Gaussian distribution whose average in the range [0, R] is unity prescribed
by e, that is statistically imposed to the building heights:

2
Ve ert(1/\/e)

A fundamental feature of this framework is that, by varying the pa-
rameters described above, it is possible to generate an arbitrary number of
distinct roughness configurations, or equivalently, distinct urban patterns.
Each configuration is uniquely defined, from a statistical perspective, by a
minimal set of five key urban parameters (N, A,, AR,, AR, €) that can be
evaluated in every urban configuration. This formulation enables a system-
atic and quantitative assessment of the influence of each parameter on urban
climate.

(L = g(r) (L) = e /R g, (2:2)

2.2 Generation of the urban configurations

The pattern generation process starts after setting as the reference length
the city radius R, thus defining the total city area Ap = 7, that combined
with the established urban statistical parameters, (N, Ay, ARy, AR, €), al-
low to compute the shape and the orientation of each building according to
the relations reported below:

b= MARpf/ (2.3)
- 9 7

ly = ARpf (2.4)

0. = g(r)\/ A AR [ (2.5)

v = gg’ (2:6)

where v is the planar orientation of the building, see figure 2.1. Vari-
ous random number generator functions f centred in the interval [0.5;1.5]
and ¢’ centred in the interval [—1;1] are used to brake symmetries in the
city configuration. As a consequence, the irregularity of building orienta-
tion, shape and dimensions can be reproduced as in real urban scenarios.
Subsequently this first step, each building is placed in the city area by ap-
plying a displacement (2.7) which consider a building clearance length that
is statistically available in the city pattern.



2.2. GENERATION OF THE URBAN CONFIGURATIONS
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Figure 2.2: Effect of )\, on the resulting city layout obtained for
(N, AR, AR .,€) = (2243,1.7,1,0.6). Panel (a) shows the city configu-
ration obtained for A, = 0.08, while panel (b) shows the city configuration
for Ap=0.11.

§=06;f"  with 6= +\/Ar/n— /A, (2.7)

This last random number generator f””, again centred in the interval

[0.5; 1.5] allows for a globally homogeneous but locally irregular distribution
of buildings. We recall that the staggered or non-staggered homogeneous
distribution of buildings introduces symmetries in the flow solutions that
are not representative of urban climate.
Several city patterns have been generated in order to address the effect of
the five statistical parameters (NN, \,, AR,, AR.,€) on the final layout of
the city. As can be seen in figure 2.2, by maintaining all other parameters
fixed, an increase of the density coverage index is related to an increase
of the number of buildings n. While a decrease in the radial smoothing
coefficient €, leads to an enhanced radial non-homogeneity of the heights of
the buildings between the centre and the periphery of the city, figure 2.3.



2.3. REFERENCE CONFIGURATION

(b)
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Figure 2.3: Effect of € on the resulting city skyline obtained for
(N, Ap, ARy, AR ;) = (2094,0.8,1.68,1.68). The city skyline obtained for

€ = 0.7 is reported in panel (a) while panel (b) shows the skyline obtained
for e = 1.

2.3 Reference configuration

The first urban configuration analysed and adopted as reference for the
best-practice assessment is characterized by (N, Ay, AR, AR, €) =
(1963,0.08,1.7,1.68,1.08), and composed of 176 buildings randomly dis-
tributed in the city area. This is representative of a small town. Fig-
ures 2.4-2.5 show a horizontal and vertical view, to emphasise the building
arrangements in the city area and the vertical profile of the canopy. Fur-
thermore, the value selected for the parameter governing the city skyline €
is such that the height of buildings in the city center is 30% higher than
the average (¢,)p, while in the periphery it is 45% lower, mimicking the ten-
dency of real urban areas to exhibit taller cores respect to the outlying areas.



2.3. REFERENCE CONFIGURATION

Figure 2.4: Top view of the reference configuration showing the buildings
distribution.

w e i AT O O P e b, 1

Figure 2.5: Skyline of the reference configuration.
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Chapter 3

Numerical Techniques

This chapter presents the two numerical codes employed in this thesis for
the simulation of urban climate in paradigmatic configurations. In particu-
lar; the focus is on CaNS, including the specific implementations required for
the present set-up, and on OpenFOAM, in which the Wall Adapting Local
Eddy-viscosity (WALE) model is employed for the coarse grained simula-
tions.

3.1 CaNS

The direct numerical simulation of the urban heat island in pure con-
vection condition, is performed with with the massively-parallel open-source
code CaN§S, Canonical Navier-Stokes (Costa, 2018). CaNS§ solves the incom-
pressible Navier—Stokes equations for constant-density flows with kinematic
viscosity v:

8ui
al‘i =0
(3.1)
Oou; N O(ujuj) B Op 5 0%u;
ot altj - (91'1 81‘ja$j

where i, j = 1,2, 3 denote the Cartesian components of the velocity field
u and p is the pressure field. Equations (3.1), are solved in a structured
Cartesian grid. The code uses a standard pressure-correction method with
the spatial discretization based on a staggered second-order finite-difference
scheme. Furthermore time integration uses a low storage, three-step Runge-
Kutta. The Poisson equation for the pressure field is efficiently computed
using a direct FFT-based solver. This FFT solver leverages eigenfunction
expansions, significantly reducing computational cost and enabling high scal-
ability on parallel computing architectures. This combination of numerical
methods allows for the accurate and efficient resolution of the full range of
turbulence scales critical for the detailed study of urban climate.

11



3.2. OPENFOAM

To resolve the complex flow within the urban canopy, an immersed boundary
method (IBM) has been exploited, following the formulation proposed by
Yang and Balaras (2006). The IBM approach has been adopted in order to
preserve the degree of accuracy of the DNS approach also within the canopy
region but avoiding the use of large number of discretization points that
would be otherwise required by using mesh-fitted discretization. The imple-
mented IBM relies on a sign distance field @ to identify the solid boundaries
and their normals. In particular, the sign distance field is defined at each
grid point of the computational domain, with the solid boundaries identified
as the isosurface ® = 0. Positive and negative values of ® correspond to
the fluid and solid regions respectively. The gradient of the sign distance
field V® unequivocally defines the normals to the solid boundaries (® = 0)
and is used to identify the forcing and interpolation points used by the IBM
method to impose the desired boundary conditions.

3.2 OpenFOAM

While CaNS is employed for the DNS reference simulation, the coarse-
grained simulations under both pure and mixed convection conditions are
performed using OpenFOAM (OpenFOAM Foundation, 2024). Similar to
CaNS, OpenFOAM is a free, open-source software widely adopted for its
extensive multiphysics simulation capabilities, ranging from incompressible
flow to fluid structure interactions. In this work, the ESI release OpenFOAM
v2406 is used. This version was selected due to its correct implementation
of the Boussinesq approximation, within the buoyantboussinesqSimpleFoam
solver. In fact, under the Boussinesq approximation, density variations with
temperature © are accounted for only in the buoyancy term of the momen-
tum equation, while density is treated as constant elsewhere:

p=po(l—pB(O —6y)) (3.2)

where p denotes the density, 8 the thermal expansion coefficient and the
subscript 0 refers to reference conditions. It is worth noting that the for-
mulation of the Boussinesq approximation may differ across OpenFOAM
distributions, as a results in some versions, density variations are not con-
fined strictly to the buoyancy term of the momentum equation. In contrast
to CaNS, which relies on a finite difference formulation, OpenFOAM is based
on the finite volume method and the urban geometries are represented us-
ing a body-fitted mesh generated through a combination of Gmsh and the
snappyHexMesh utility.
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3.2. OPENFOAM

3.2.1 WALE Model

The filtered Navier-Stokes equations under the Boussinesq approxima-
tion written in a non dimensional form using H, the free fall velocity Uy
and the temperature O as reference scales for lengths, velocity and temper-
ature reads as follows:

( ou;
83%- =0
8112- - 8&1 _ 615 ~ Ra 62@ (‘)Tm
EEr i LR [ oo v (3.3)
o, o0 _ [T o oo,
ot i Oz, ~ V RaPr 83:? Ox;

where (%) denotes filtered quantities. The subgrid-scale (SGS) stress ten-
sor and the subgrid-scale scalar flux are defined as 7 ; = w;u; — 4,;4; and
oj = guvj— éﬂj respectively and Ra and Pr denote the Rayleigh and Prandtl
numbers. While for the ILES the grid spacing A, acts as an implicit filter
width and no explicit SGS is introduced, in contrast, for the LES computa-
tions that we will perform, the Wall Adapting Local Eddy-viscosity (WALE)
model is adopted as subgrid-scale (SGS) closure (Nicoud and Ducros, 1999).
The WALE model is specifically designed to provide the correct near-wall
scaling of the eddy viscosity without the need for dynamic procedures, mak-
ing it particularly suitable for wall-bounded flows. This feature is of primary
importance in urban canopy configurations, where accurate representation
of shear layers and near-wall turbulence strongly influences the overall mix-
ing and heat transfer. Compared to dynamic models, WALE offers a robust
and computationally efficient formulation while preserving appropriate be-
haviour in the vicinity of solid boundaries.

13



Chapter 4

Direct Numerical Simulation
of pure convection in a
paradigmatic urban
environment

The fluid dynamics phenomena that govern the urban climate are in-
vestigated in the paradigmatic city pattern defined in chapter 2 under the
conditions of pure thermal convection, in the absence of wind. The geo-
metrical simplicity of the designed paradigmatic city enables the use of a
Direct Numerical Simulation (DNS) approach for the solution of the gov-
erning equations. After a brief introduction and description of the set-up,
results will be shown and analysed.

4.1 Flow settings

The governing equations under the Boussinesq approximation (Gray and
Giorgini, 1976; Cimarelli et al., 2025) in a dimensionless form read as follows:

8ui

89@- =0
Ou;  O(uju;)  Op [Pr 02, 4
8t + a$]‘ N 8!@ + Ra 8$jal'j + 9623 (41)
a0 0(Ouj) 1 %0
( 0t 0z;  \/RaPr0z0z

where 7, j = 1,2,3 denote the horizontal x — y and vertical z directions
and 6;; represents the Kronecker delta. Variables u; = u and ug = v de-
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4.1. FLOW SETTINGS

note the horizontal velocity components and us = w the vertical velocity
component. Pressure and temperature field are p and 0 respectively. The
dimensionless form of the governing equations (4.1) is obtained by using
the height H of the domain, the highest temperature difference imposed
between the top and bottom boundaries A©,,q., and the free-fall velocity
Upr = VgBAOpqH as characteristic scales. Consequently, the two di-
mensionless numbers, the Rayleigh number and the Prandtl number, are

defined:

3
_ gBA@maxH Pr = K (42)
(av) !

Ra
where v is the kinematic viscosity, a the thermal diffusivity, S the thermal
expansion coefficient and ¢ the gravitational acceleration. The governing
equations are solved in a rectangular cuboid with aspect ratio W/H = 8
where the city pattern is placed in the middle of its bottom boundary. Peri-
odic boundary conditions are applied in the horizontal directions. A no-slip,
impermeable condition is applied at the bottom boundary while a free-slip is
imposed at the top plates. A Dirichlet condition is imposed for the tempera-
ture in order to model the typical conditions of the urban heat island during
summer nights. In particular, a uniform low temperature is imposed at the
top boundary, 0(z,y, H,t) = Ogtm,. On the other hand, a non-homogenous
high temperature distribution is imposed at the bottom, including buildings
facades, in order to model the temperature contrast of urban environments
with respect to the surrounding rural areas and to the atmosphere. The
bottom boundary condition for temperature reads:

2 2
0(r,1,0.1) = {@cityer /R for r<R (4.3)
country for >R

where Oty and Ocountry are the reference temperature for the city and the
country side and ¢ is a non-dimensional coefficient prescribing the temper-
ature distribution within the urban environment. Since we are modelling
the urban heat island in summer nights condition, the typical conditions
for the reference temperatures are Outpm < Ocountry < Ocity and a view of
the imposed temperature distribution within the city pattern is reported in
figure 4.1.

4.1.1 Relevant parameters in pure thermal convection
conditions

In addition to the five statistical urban characteristics (IV, Ay, ARp, AR, €),
the imposed boundary conditions introduce five additional fluid dynamic pa-
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Figure 4.1: Lateral view of the city skyline coloured with the temperature
distribution.

rameters that uniquely define the urban environment from a statistical point
of view in the conditions of pure thermal convection. The first parameter is
related to the atmospheric conditions and is the ratio between the average
height of buildings (¢,); and the height of the domain H,

<£z>b

Agprn = - (4.4)

Considering the fact that a free-slip condition is imposed at the top,
Aatm models the average ratio between the height of the city canopy and the
height at which the thermal plume induced by the urban heat island stops
rising, i.e., the thickness of the atmospheric layer that is dominated by the
surface fluxes, the so-called surface layer. Three other relevant fluid dynamic
parameters are introduced by the imposed thermal boundary conditions.
Taking into account the temperature contrast between the countryside and
the atmosphere, AOcountry = Ocountry —Oatm and the temperature difference
between the city and surrounding rural areas, AO.ity = Ocity — Ocountrys
the thermal boundary condition (4.3) can be rewritten with respect to the
atmospheric temperature:

Outm <1 + By %f:Zva)) for r<R
0(x,y,0,t) = (4.5)
Oatm <1 + Aecountr‘y> for >R
@atm
where , ,
F(r)y=e /R (4.6)



4.1. FLOW SETTINGS

Hence, the intensity of the thermally-induced motions can be uniquely
determined by two non-dimensional temperature contrasts, A®country/Oatm
and AOity/Oam together with a non-dimensional coefficient o related to
the specific urban configuration that prescribes the temperature distribution
within the urban environment, from flat to peaked at the city centre.

In the present thesis, we consider Agtm = 0.04, AOcountry/Oatm = 0.5,
AOcity/Oatm = 0.5 and 0 = 1. As an example, this values would lead
to a city canopy where the average height of the buildings is in the range
(£,)p = 8 +20m when the surface layer height is assumed to be in the range
H = 200 + 500m, for a thermal condition of the urban and rural areas of
Ocountry = 30°C and Oy = 40°C when Oy, = 20°C' is assumed as the
temperature of the atmosphere.
The simulation is performed for a typical Prandtl number of air, Pr = 0.7,
while the Rayleigh number has been set to Ra = 10%. For obvious compu-
tational cost reasons, this value is significantly smaller than the Rayleigh
numbers that are commonly realized in real-world scenarios, Ra ~ 10'7 for
surface layers H ~ 500m and maximum temperature differences between
the city and the atmosphere AO,,q, ~ 20°C.
The global heat transfer attained in the system is evaluated by computing
the Nusselt number Nu = (H/A®,,4,)(00/02)|,, where AO 4, is the max-
imum temperature difference imposed between the top and bottom bound-
aries and U denotes the average among the horizontal directions. The final
value of the Nusselt number is Nu = 15 and can be used to estimate the
overall thickness of the thermal boundary layer 69 = H/(2Nu). The ratio
between the average height of buildings and this last value introduces the
last fluid dynamic parameter,

<£z>b

Ay = 2 4.7
0= (4.7)

that measures the effectiveness of the roughness introduced by the city
canopy in interacting with the thermal structures. In the present work,
we have Ay = 1.2 thus highlighting that the roughness elements of the city
exceed the thermal boundary layer in height. The fluid dynamic parameters
that govern the flow solution are summarized in table 4.1.

Ra Pr Nu Agm Ay
102 07 15 0.04 1.2

Table 4.1: Flow settings.
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4.2. NUMERICAL SIMULATION

4.2 Numerical simulation

|

BRI

Figure 4.2: Schematic of the domain. The urban pattern is coloured with
its temperature distribution.

The Boussinesq equations (4.1) are solved by using the open-source code
CaNS 3. Time integration is carried out explicitly by using a three-step
Runge-Kutta method and the time step is adapted to respect a condition
on the Courant number, CFL = 0.6. The Poisson equation for the pressure
field is efficiently computed using a direct FFT-based solver. To address
the complex flow solution within the city canopy, an immersed boundary
method (IBM) as discussed in chapter 3, has been exploited.

The dimensions of the domain are (Ly, Ly, L.) = (8R,8R, R) where R
is the radius of the city. The computational domain is discretized using
a number of grid points equal to (N, Ny, N,) = (1600, 1600, 263) homoge-
nously distributed in the horizontal directions. On the contrary, a hyperbolic
tangent stretching is employed in the vertical direction to ensure adequate
resolution at the top and bottom boundaries. The number of points used
allows us to satisfy classical resolution requirements typical of Rayleigh-
Beriard convection.

In particular, by following Shishkina et al. (2010), the minimum number
of grid points within the thermal and dynamic boundary layer should be
Ny g ~ 0.35Ra’1® = 5.54 and Ny = 0.31Ra%15 = 4.91 respectively. The
grid used employs Ny 9 = 14 grid points within the boundary layer, and
Ny = 12 within the velocity boundary layer, thus largely exceeding the
resolution requirements. The simulation parameters are summarized in table
4.2 while figure 4.2 reports a schematic of the domain.
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4.3. RESULTS

Ly x Lyx L, Nz x Ny x N, AT N
SR x 8R x R 1600 x 1600 x 263 2.6 55

Table 4.2: Parameters of the simulation. A7 is the time interval between
samples used for time average and is expressed in free-fall times H/Uyy,
while IV; is the number of samples used.

4.3 Results

The analysis of the direct numerical simulations begins with the investi-
gation of the flow structures arising under purely buoyancy-driven convec-
tion. Subsequently, statistical quantities of different orders are evaluated
inside and above the urban canopy layer, allowing for a detailed assessment
of the turbulence characteristics in both regions.

4.3.1 Statistical approach

The averages are computed by taking into account the statistical symme-
tries of the solution. Such symmetries can be better exploited by introducing
a cylindrical coordinate system (r, ¢, z) where r is the horizontal radial dis-
tance from the city centre, ¢ is the azimuthal direction and z is the vertical
one. The corresponding velocity components are denoted as (u, uy, w). In
this coordinate system, statistics are homogenous in both the azimuthal
direction and time. Hence, statistics are computed by averaging in time,
after the initial transient is washed out, and among the azimuthal direction.
The resulting average operator will be denoted hereafter as (-). Informa-
tion about statistical samples gathered over time is reported in table 4.2.
The classical Reynolds decomposition will be adopted and the correspond-
ing average and fluctuating quantities will be denoted as u; = U; + u} and
0 = © + ¢ where U; = (u;) and © = (0) are the average fields, while u; and
0" are the fluctuating ones. In accordance with the statistical symmetries
of the system, the only non-zero components of the mean velocity field are
the radial and vertical ones, U, and W, being the azimuthal direction sta-
tistically homogeneous, i.e. U, = 0. All statistics presented in the following
sections will be reported dimensionless by using the average building height
(€)p for lengths and the free-fall velocity Usy = /gBA®Omq,H for velocities.
On the other hand, temperature is reported as a temperature difference with
respect to the atmospheric temperature O, and is made dimensionless by
using the maximum temperature difference AO,,q,, i.€. 8 € [0 : 1].
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(b)
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Figure 4.3: Direct numerical simulation of an entire urban environment
under the conditions of pure thermal convection. (a) Instantaneous iso-
surface of temperature § = 0.45 and iso-contours of normalized temperature
at the ground. (b) Detailed view of the solution in the city centre.

4.3.2 Flow pattern

As shown in figure 4.3, the iso-surface of temperature 6 = 0.45 clearly
highlights that the dominant flow feature of the urban heat island is given
by a large convective structure of the order of the city size (Lu et al., 1997).
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(a) z=1 (b) z=125 (c) z=24
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(d) z=1 (e) z=125 (H z=24
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Figure 4.4: Direct numerical simulation of an entire urban environment
under the conditions of pure thermal convection. (a-c) Instantaneous nor-
malized temperature slices taken at different elevations. (d-e) Instantaneous
slices of the dimensionless vertical velocity taken at different elevations. In
(d) buildings trace at z = 1 are coloured in red.

It consists in a large thermal structure originating from the urban canopy
that is characterized by a significant temperature contrast with respect to
the background, see the top panels of figure 4.4. From a kinematic point
of view, this large-scale structure is ascending from the urban canopy as a
result of the buoyancy induced by its temperature difference between the
surrounding atmosphere, as shown in the bottom panels of figure 4.4.

In particular, the large-scale thermal structure takes origin within the
urban canopy, accelerates away from it, and, by mixing with the surrounding
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Figure 4.5: Visualization of thermal plumes in a horizontal slice just above
the city canopy for (a) z = 5 and in the free atmosphere for (b) z = 12.5.
The identification criterion (4.8) is used and red and blue colours are used to
denote hot and cold plumes. The circular domain reported is for r € [0, 4].

colder atmosphere, eventually weakens and disappears at higher altitudes.
Overall, the instantaneous temperature and velocity patterns suggest that
the large-scale thermal structure is the principal carrier of heat in the flow
system. A deeper inspection of the flow pattern within the urban canopy
highlights that the large-scale thermal structure takes its origin from a com-
plex arrangement of turbulent structures, thermal plumes. In order to dis-
cern them from the background fluctuations, a frequently used criterion that
combine both temperature and heat flux conditions is considered (Xu et al.,
2025). It consists in the identification of the thermal plume as the physical
space where the fluctuation of temperature and heat flux exceed a given
threshold,

[0 —0]| > c\/ (0 —0)2 VRaPr |w(f — )| > ¢(Nu—1) (4.8)

where the value of the constant used here is ¢ = 1.2 as in Van Der Poel
et al. (2015). As shown in figure 4.5(a), this procedure allows us to unveil
that the urban environment is populated by a plethora of thermal plumes.
While ascending, figure 4.5(b), these thermal plumes, interact each other and
aggregate. Hence, the large-scale thermal structure is actually the result of
a clustering of smaller thermal plumes originating within the city canopy. It
is finally worth pointing out that the city canopy is populated most by hot
thermal plumes, but despite being smaller in number, cold thermal plumes
are also present, figure 4.5(a).
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4.3.3 Scaling of ground quantities
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Figure 4.6: Radial scaling of ground quantities. (a) Heat transfer mea-
sured in terms of Nusselt number Nu = (H/A®©)(00/0z)|y. (b) Thermal
boundary layer thickness estimated as dp = 1/(2AgtmNu). (c) Momen-
tum transfer measured in terms of friction coefficient ¢y = 27,/ pU/?f where
Tw = u(OU,/0z)|y. The vertical dashed red line indicates the location of
the city boundary.

We start the statistical study of the flow solution by addressing first the
behaviour of the fluxes of heat and momentum at the ground. The heat
transfer is evaluated through the Nusselt number Nu = (H/A®©)(00/0z)|w
and is shown in figure 4.6(a). By moving radially from the outer regions
toward the centre of the city, the Nusselt number exhibits first a slightly
decreasing behaviour. By estimating the thermal boundary layer thickness
as 0p = 1/(2Agm N u), this decreasing behaviour of the Nusselt number cor-
responds to an increase of the thermal boundary layer thickness as shown
in figure 4.6(b). By entering the city canopy for r < 25 (r({,),/R < 1),
the heat transfer changes its radial scaling and starts increasing up to reach
its maximum at the city centre for » = 0. As a consequence, the thermal
boundary layer thickness decreases and reaches its minimum value at the
city centre. Overall, the flow solution suggests that heat transfer is enhanced
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by the roughness elements of the urban environment, at least in the condi-
tion when they protrude from the thermal boundary layer, 9 < 1. Let us
notice that the urban environment is also characterized by a non-uniform
temperature difference with respect to the countryside. However, the effect
of this non-uniform boundary condition is directly taken into account in
the definition of the Nusselt number since Nu = (H/AB)(00/0z)|y with
AO® = AO(r). Hence, the increase of heat transfer measured by entering
the urban canopy can be reasonably ascribed to the roughness introduced
by the city rather than its temperature difference. The analysis of the in-
stantaneous flow pattern reported in the previous section has shown that
a large-scale thermal structure is established above the city that, through
buoyancy, induces a large-scale upward flux. For obvious mass conserva-
tion reasons, this net upward flux must be balanced by a net incoming
radial flux from below, thus a boundary layer moving radially towards the
city centre is generated. To study the momentum transfer released to the
ground by the radially evolving boundary layer, the radial scaling of the
friction coefficient c; = 27'w/pU]%f where 7, = p(0U,/0z)|y, is shown in
figure 4.6(c). From a maximum around r = 78 (r(¢,),/R = 3.12), the fric-
tion coefficient decreases by moving radially towards the outer and inner
regions. The large-scale thermal structure induced by the urban heat island
is responsible for the generation of a large-scale circulation of toroidal shape
whose radius of revolution r = 78 (r(¢,);/R = 3.12), matches the outer peak
of the friction coefficient. Hence, this is the distance from the city centre
where the large-scale circulation induced by the urban heat island causes the
maximum wind speed at ground level. By approaching the city canopy for
r < 35 (r(l;)p/R < 1.4), the radial scaling of the friction coefficient changes
by exhibiting a slight increase in magnitude that is maintained up to r = 12
(r{€.)p/R = 0.48). As better shown in the next section 4.3.5, this increase
is related to the roughness of the urban environment rather than to an in-
crease of the wind radial speed at the ground level. From this relative peak
of momentum transfer, the friction coefficient starts to decrease again by
moving towards the city centre for r < 12 (r(€,),/R < 0.48). In this central
region, the large-scale thermal structure induced by the urban heat island,
causes a lift up of the mean wind streamlines. Hence, the radial component
of the wind weakens drastically by moving toward the city centre, leading to
a reduction in the momentum transfer to the ground that, indeed, becomes
null for r = 0.
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Figure 4.7: Contours of mean temperature O(r,2)/AO, 4. The vertical
dashed line indicates the location of the city boundary while the dot dashed
line is the contour line for © = 0.5.

4.3.4 Mean temperature

As shown in figure 4.7, the contours of the mean temperature O(r, z)
reveal the statistical shape and size of the large-scale thermal structure
induced by the urban heat island observed in section 4.3.2 by means of in-
stantaneous snapshots of the temperature field. By defining its border as
the isoline of temperature © = 0.5, the temperature of the countryside, a
large-scale thermal plume is observed. Its size changes with the elevation.
Starting from the ground where its size equals the city dimension, a mini-
mum of the radius of the urban plume is reached at z = 15, i.e. 15 average
heights of buildings above. At this elevation, the radius of the urban plume
is almost half the city radius, r = 12 (r(¢,)s/R = 0.48).

1.0

0.8 1

0.4 L

0.2 1

0.0 T T T T

Figure 4.8: Vertical profiles of mean temperature ©(z)/AO,,,4, at different
radial locations, » = 0 (solid line), » = 15 (dashed line), r» = 25 (dash-dot
line) and r = 100 (long-dash line).
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By moving in the vertical direction, the thermal plume performs mix-
ing with the colder atmosphere. Hence, a mean temperature decay in the
vertical and radial directions is observed in figure 4.7. A more quantitative
view of the phenomenon is provided in figure 4.8 where the vertical profiles
of mean temperature at different radial locations are shown. By consid-
ering first the temperature profile above the city centre for r = 0 (solid
line), it is possible to observe that a sharp jump of temperature is occurring
within the urban roughness. In particular, the temperature is found to be
almost halved by moving from the ground to the average height of build-
ings, ©(0,0) = 1 and ©(0,1) = 0.54. Hence, a temperature close to the
one imposed for the countryside (© = 0.5) is recovered just above the city
canopy. This thin layer of steep temperature gradient is hereafter referred
to as the thermal boundary layer. For z > 1, the temperature decay above
the city centre weakens and for z > 10 becomes essentially flat around the
value © = 0.4. Hence, we can distinguish two additional regions above the
thermal boundary layer. An intermediate buffer layer for 1 < z < 10 where
the mean temperature profile gradually decreases followed by an outer layer
for z > 10 where the mean temperature profile is almost flat. Contrary to
the thermal boundary layer, these two layers are dominated by turbulence
mixing whose action is to homogenize the mean temperature distribution,
as it will be shown in the next section 4.3.6.

Moving to intermediate radial locations at r = 15 (dashed line), the in-
termediate buffer layer gradually shrinks up to disappear above the edge of
the city at » = 25 (dash-dot line), see again figure 4.8. Hence, the interme-
diate buffer layer of mean temperature decay appears to be a specific flow
feature of the urban thermal plume. In fact, the mean temperature profile
for » > 25 has a simple two-layer structure typical of natural convection
setups (Chilla and Schumacher, 2012), i.e. a thermal boundary layer where
a steep temperature gradient occurs, followed by an outer region where the
temperature profile is almost homogeneous.

4.3.5 Mean velocity

As shown in figure 4.9(a), the streamlines of the mean velocity field reveal
the presence of a large-scale circulation (LSC) generated by the large-scale
urban plume analysed in the previous section 4.3.4. Specifically, an upward
flow originates from the rough and hot urban environment that is fed from
below by a radial boundary layer moving towards the city centre. As better
shown in figure 4.9(b) and 4.9(a), the urban updraft accelerates first driven
by buoyancy, see the contours of temperature overlaid to figure 4.9(a), and
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Figure 4.9: (a) Streamlines of the dimensionless mean velocity

field (U,,W)(r,z) superimposed to the contours of mean temperature
O(r,2)/ABppqaz. (b) Contours of mean vertical velocity W(r,z)/Uss. (c)
Contours of mean radial velocity U, (r,z)/Uyss. The vertical dashed line in-
dicates the location of the city boundary.

reaches it maximum speed above the city centre at the elevation z = 17,
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Figure 4.10: Vertical profiles of (a) mean vertical velocity W (z)/Uys and (b)
mean radial velocity U, (z)/Uy at different radial positions. For W (z)/Uyy,
r = 0 (solid line), r = 15 (dashed line), r = 25 (dash-dot line), r = 50
(dash—dot—dot line) and = 100 (long-dash line). For U,(z)/Uss, r = 15
(solid line), r = 25 (dashed line) and r = 100 (dot-dash line).

i.e. seventeen times the average height of buildings. Then, for z > 17 the
urban updraft decelerates and starts to diverge in the radial directions. This
velocity reduction of the urban updraft is mainly due by the impermeabil-
ity condition imposed at the top boundary, z = 25, and by the lowering
of buoyancy given by the mixing with the surrounding colder atmosphere.
Overall, the ascending flow involves regions that significantly exceed the
city area. In particular, we measure a positive mean vertical velocity for
r < 77. Indeed, as better shown by the streamlines in figure 4.9(a), the
large-scale circulation induced by the urban heat island has a center of ro-
tation located at (r,z) = (77,15). Accordingly, a downdraft of cold fluid is
found only for country regions far from the city for » > 77, i.e. almost three
city radius from the center r(¢,),/R = 3.08. Because of mass conservation
and of the toroidal shape of the large-scale circulation induced by the urban
heat island, the downdraft speed in the countryside is weak compared to
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the updraft above the city. In particular, we measure Wy, = 0.23 and
Winin = —0.05.

As already pointed out, the large-scale circulation induced by the urban
heat island is characterized by a radially incoming boundary layer. This
boundary layer is fed by the downdraft of the urban LSC and, hence, plays
the relevant role of replenishing the urban environment of colder air but also
of transporting all the pollution and contaminant produced within the city
towards its center where it is accumulated. The contours of mean radial
velocity are reported in figure 4.9(c) where it is possible to observe that the
radially evolving boundary layer is almost homogeneous within the regions
8 < r < 90. To better quantify its scaling, the vertical profiles of mean radial
velocity evaluated at different radial locations are reported in figure 4.10.
All the profiles exhibit a peak velocity close to the ground whose vertical
location ¢, can be used as a measure of the height of the boundary layer.
Starting from the countryside at r = 50, namely two city radius far from
the city centre r(€,),/R = 2, we measure a boundary-layer height §, = 2.5
and a peak velocity Uy peqr = —0.12. By moving towards the city center,
the height of the radial boundary layer and its peak velocity decrease. In
particular, we measure ¢, = 2 and U, peqr = —0.09, at the edge of the city
canopy for r = 25(r((,)p/R = 1) and 6, = 1 and Uy pear = —0.03 at an
intermediate location within the city canopy for r = 15(r(¢;),/R = 0.6).
Hence, the urban environment is flushed by a radial boundary layer whose
thickness is of the order of the average height of buildings (¢,); and whose
peak intensity is 3% the free-fall velocity induced by the urban heat island
at city edge and decreases to zero moving towards the city centre. Above the
boundary layer height, all the profiles of figure 4.10 show that the intensity
of the average radial velocity decreases almost linearly with elevation. This
linear scaling is preserved up to the height of inversion of the radial velocity,
i.e. the vertical location where Uy peqr = 0. As shown in figure 4.10(c) this
elevation is almost constant among different radial position ranging from
z = 15 in the very external regions to z = 17 above the city environment.

4.3.6 Turbulent mixing

As already noticed in the previous sections, turbulence plays a relevant
role in defining the mean temperature and velocity patterns, since the action
of turbulence is to perform mixing and, hence, to increase the transport of
both heat and momentum. The intensity of turbulence is analysed here by
considering the pattern taken by the standard deviation of both the tem-
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Figure 4.11: Contours of the standard deviation of temperature fluctuations
VA0?) (1, 2) /AOypqz. The vertical dashed line indicates the location of the
city boundary.

perature and velocity fields. As shown in figure 4.11, the standard deviation
the temperature field highlights that the urban thermal plume is the most
active region. In particular, the most intense temperature fluctuations are
found to occur within the city environment for r < 25(r(¢,),/R < 1). Here,
the intensity of the fluctuations is of the order of 20% the maximum temper-
ature difference within the system A®,,,, and the peak intensity is reached
just below the average height of buildings for z ~ 0.8. From this peak ac-
tivity region, the intensity of the temperature fluctuations gradually decays
by moving radially towards the countryside and by increasing the elevation.
In particular, outside the urban thermal plume the intensity of the temper-
ature fluctuations is very low of the order of 4% the maximum temperature
difference A©O, 4.

With respect to the velocity fluctuations, we found that the two hori-
zontal velocity components share almost the same behaviour, as shown in
figure 4.12(a) and (b). In particular, the radial and azimuthal velocity fluc-
tuations are weak in the bulk of the flow, less than 10% the free-fall velocity
Uy, and become more intense, within the radially evolving boundary layer
at the bottmo and at the top boundary of the flow system. These peaks
at z = 25 are essentially induced by the imposed impermeability condition,
so that the vertical velocity fluctuations within the city updraft for r < 25
(r{€;)p/R < 1) and country downdraft for r» > 77 (r(¢,),/R > 3.08) are
reoriented in the horizontal directions through pressure-strain phenomena
whose intensity is given by 2(p’(0ul,/0z)). At the ground boundary layer,
the intensity of the horizontal velocity fluctuations decreases by moving
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Figure 4.12: Contours of the standard deviation of (a) radial velocity
VA{(u?)(r,2)/Uss, (b) tangential velocity y/(u2)(r,2)/Uss and (c) vertical

velocity \/(w’?)(r, z)/Uys. The vertical dashed line indicates the location of
the city boundary.

radially towards the city center. As a result, the horizontal velocity fluc-
tuations within the radial locations of the city for r» < 25 (r{¢,),/R < 1),
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are weak within the city canopy for z < 2.5 and more intense above. In
contrast to the horizontal components, the vertical velocity fluctuations ex-
hibit a different pattern as shown in figure 4.12(c). Two distinct intense
activity regions are found that peak at intermediate elevations, one located
within the updraft and the other within the downdraft of the urban thermal
plume. The mean flow topology and the distribution of temperature fluctu-
ations observed at the intermediate elevations of the urban updraft suggest
that the peak activity of the vertical velocity fluctuations above the urban
environment for r < 25 (r(€;)/R < 1) is essentially induced by sourcing
mechanisms related to both mean shear and buoyancy whose intensity is
given by (w'0') — 2(u,.w')(OW/0r).

4.3.7 Urban environment

In order to analyse the non-homogeneous effects of the urban configura-
tion on the heat transfer, we consider the local Nusselt number as

Nu= —Lﬁﬁj (4.9)
A@max 8a:j
where i is the unit vector normal to the city boundary and - denotes
the time average operator. The spatial distribution of the local Nusselt
number, shown in figure 4.13(a—b), provides further insight. The urban
canopy configuration clearly emerges as the most active region in terms of
heat exchange at the lower boundary. The highest values are observed on
the rooftops, confirming that a substantial portion of the heat transfer oc-
curs there. This effect is particularly pronounced toward the centre of the
roughness pattern, consistently with previous observations. In fact, here is
located the maximum of temperature fluctuations and the origin of the up-
ward branch of the large-scale circulation (LSC). Another noticeable feature
is the shading effect produced by the neighbouring buildings. In combina-
tion with the incoming flow, this effect is more evident for buildings located
near the edge of the city. Walls facing outward, directly exposed to the ra-
dially evolving boundary layer, exhibit higher local Nusselt values compared
to those facing the interior of the canopy. Within the urban core, shading ef-
fects and reduced average velocity, limit local convective transport, thereby
decreasing heat transfer to walls. The plan aspect ratio of the buildings does
not appear to significantly affect the overall distribution of the local Nusselt
number (4.9).
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(b)

Figure 4.13: Time averaged Nusselt number among the the urban configu-
ration.

Considering the radial distribution of temperature and velocity at z = 1,
figure 4.14 presents both the mean and root mean square profiles of the tem-
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Figure 4.14: Radial profiles for ©(r)/AOpaz, W(r)/Uyss and U,(r)/Usy at
z = 1. Panel (a) shows W (r)/Uys (solid line), ©(r)/AOpq, (dashed line)
and U,(r)/Uyss (dashed-dotted line). Panel (b) presents /(w’?(r))/Usy ()
(solid line), /(0"%(r))/AOmaz (dashed lined) and +/(u/?(r))/Uss (dashed-
dot line). The red vertical dashed line indicates the location of the city
boundary.

perature field and velocity components. Focusing first on the mean quan-
tities, figure 4.14(a), the temperature exhibits a decreasing trend along the
radial direction, with a more pronounced gradient within the urban region.
This behaviour directly reflects the imposed thermal boundary condition.
At the same height, the mean vertical velocity remains nearly null along
the radius being slightly positive in the central area, consistent with the
upward branch of the large-scale circulation. In contrast, the radial velocity
component is negative throughout the entire domain, indicating the inward
motion of colder fluid from the periphery of the domain toward the urban
core. Within the canopy region, however, the magnitude of the radial veloc-
ity progressively decreases r < 10 (r(¢.)y/R < 0.4), revealing a weakening of
the inward flow. This attenuation of radial momentum reflects the combined
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effect of surface roughness and buoyancy: as the flow approaches the city
centre, feeds the upward transport associated with the large-scale circula-
tion. Moving to the root mean square reported in figure 4.14(b), the trend of
both the vertical velocity and the temperature fluctuations, exhibits a clear
reduction within the roughness region, while beyond the urban canopy, these
quantities tend to approach an approximately constant level. In contrast,
the root mean square of the radial velocity increases in magnitude, espe-
cially for r < 75 (r(¢,;)p/R < 3), in the country downdraft area, confirming
the trends previously identified in paragraph 4.3.6.

4.3.8 Heat transfer

Under the Boussinesq approximation, the equation governing the aver-
age heat transfer pc,©, where ¢, is the heat capacity, can be reduced to the
equation for the mean temperature ©. For this reason, in the present section
we will refer to mean temperature equation to address the mechanisms of
heat transfer. Due to the statistical symmetries of the present flow config-
uration, the transport equation of mean temperature © can be written as
follows:

L I S LA S P _ 1 098y _
5" <<9 u,) + OU, D 8r>+8z <<9w>+®W -0 =0
(4.10)

By rewriting the heat transfer equation (4.10) in a conservative form
V-¢=0 (4.11)

it is possible to highlight that heat is transferred among different radial
locations and elevations by a two-dimensional flux ¢ = (¢, ¢,) defined as

1 00

v Rla Pr gg (4.12)

v Ra Pra

where it is possible to recognize that fluxes of heat are sustained by tur-
bulence mixing phenomena, advection by the mean flow and diffusion, re-
spectively the first, second and third term of the right-hand sides of (4.12).
Obviously, no source or sink of heat are present within the flow system.
Indeed, heat is provided at the boundary of the domain by the imposed

ér = (0'ul) + OU, —

¢, = (0'w') + OW —
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boundary conditions on temperature. In particular, by considering the vol-
ume integral over the entire flow domain of equation (4.10) and the imposed
lateral periodic boundary conditions, we can write the following balance

dg = Gt (4.13)

where ) 96
= - ——dS 4.14
4 /8Qb V' RaPr 0z ( )

is the heat fluxes entering the system from the bottom boundary 9, the

ground surface, and
1 00
= ———dS 4.15
& /agt VRaPr 0z ( )

is the heat flux exiting the system from the top boundary 0§, the atmo-
spheric surface layer. Hence, the field of fluxes ¢ have the overall role to
perform a net transfer of heat from the ground to the atmosphere with no
net effects from the lateral sides.

Figure 4.15 (a) shows the mean temperature contour superimposed with
the lines of the total heat fluxes (4.12) whereas panel (b) isolates the tur-
bulent contribution only. The total heat flux exhibits a predominantly in-
ward radial motion from the peripheral regions of the domain, for r < 80
(r{€,)p/R < 3.2), towards the urban core, where it is subsequently advected
upward along the ascending branch of the large-scale circulation. The spatial
organisation of the heat-flux vectors mirrors the structure of the large-scale
circulation, clearly identifying the regions where the radial component of
the total heat flux exceeds the vertical one and, conversely, where vertical
transport becomes dominant.

In contrast, the turbulent heat flux exhibits an opposite radial behaviour.
The vector field shown in figure 4.15(b) reveals a predominantly outward ori-
ented trend with a marked vertical component, particularly pronounced for
r <60 (r{,)p/R < 2.4). This tendency becomes even more evident within
the region directly influenced by the urban canopy (r < 25, r(¢,),/R < 1),
where the largest temperature fluctuations are observed. As might be ex-
pected, this behaviour reflects the intrinsic role of turbulent fluxes to en-
hance mixing, to homogenize different flow regions by increasing heat and
momentum transport from warmer to colder area, beneficial for urban heat
island mitigation.
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Figure 4.15: Streamlines of total heat flux superimposed to the contour of
mean temperature O(r, z)/AO,,4, in panel (a). Streamlines of turbulent
heat flux superimposed to the contour of mean temperature O(r, z)/AO,,4z
in panel (b). The vertical dashed line indicates the location of the city
boundary.
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Chapter 5

Best practice for LES in
urban environments

This chapter investigates coarse-grained simulations of paradigmatic ur-
ban patterns, where grid resolution and subgrid-scale modelling strategies
are varied and systematically assessed against the reference DNS dataset.
The objective is to establish quantitative guidelines for the reliable appli-
cation of LES in paradigmatic urban configurations, thus producing a best
practice. While DNS provides a detailed and physically consistent descrip-
tion of the flow, its computational cost prevents its application to larger or
more realistic domains. Coarse-grained approaches aim instead to resolve
the dominant flow structures while modelling the contribution of unresolved
turbulent motions through appropriate closures. In this framework, Large-
Eddy Simulations (LES) are performed using OpenFOAM and evaluated in
terms of their ability to reproduce the main dynamical and thermal features
observed in the DNS. In particular, two modelling strategies are examined:
an implicit LES approach, and an explicit LES formulation based on the
Wall Adapting Local Eddy-viscosity, WALE model. Some of the results of
this chapter has been obtained within the master thesis work of Venturelli
(2025) which I have supervised during my PhD.

5.1 Computational setup

In order to reproduce the reference configuration described in chapter
4, the physical dimensions of the computational domain are preserved. The
domain consists of a rectangular box containing 176 building elements ar-
ranged as an urban roughness pattern at the centre of the bottom wall. The
main modification in the coarse-grained simulations concerns the spatial res-
olution, as summarised in table 5.1. The computational grid is generated
through a two-step procedure: a base mesh is first constructed using Gmsh
(Gmsh Reference Manual, 2026), and subsequently refined with the Snap-
pyHexMesh utility of OpenFOAM to enhance the resolution in the vicinity
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of the urban canopy. The Gmsh base mesh is designed to provide increased
resolution within the urban region while preserving acceptable cell aspect
ratios and orthogonality, thereby ensuring robustness of the subsequent re-
finement stage. As in the DNS configuration, a vertically graded mesh is
adopted to limit the total number of cells while maintaining adequate near-
wall resolution. Above the height 0.2R = 0.2H = 5(¢,)p, the grid remains
structured, with a horizontal spacing approximately three times larger than
in the DNS case, Aﬁgs ~ 3A£évs. As reported in table 5.1, the two coarse-
grained simulations employ different refinement levels around the buildings.
In particular, the WALE LES requires a finer near-wall resolution, consis-
tent with the more stringent resolution demands of the explicit subgrid-scale
model.

Case Ly x Lyx L, N, x Ny x N, Refinement Total cells

DNS S8R x8R x 1R 1600 x 1600 x 263 - 6.7-108

ILES S8R x8R x1R 550 x 550 x 145 1* 4.4-107
WALE LES 8R x8R x 1R 550 x 550 x 145 2% 4.5-107

Table 5.1: Comparison of meshes between three cases. The third column
for the ILES and WALE LES case corresponds to the number of volumes
used for the base mesh in Gmsh. The asterisk (*) in the Refinement column
indicates a uniform surface refinement level of 1 for the city region.

As in the reference DNS configuration, a no-slip condition is imposed at
the bottom wall, while a free-slip condition is applied at the top boundary
for the velocity field. A fixed temperature is prescribed at both the bottom
and top plates in order to reproduce nocturnal urban heat island condi-
tions, see chapter 4. Periodic boundary conditions are enforced along the
lateral boundaries for both velocity and temperature. All fluid properties
adopted in the simulations are reported in table 5.2. Time integration is
performed using a first-order implicit backward scheme, while the convec-
tive terms are discretised through a combination of upwind and bounded
schemes to ensure numerical stability. A variable time step is employed,
constrained by a maximum Courant number equal to 1. To enhance nu-
merical robustness and accuracy, non-orthogonal corrections and suitable
under-relaxation factors are applied. The simulations are carried out using
the buoyantBoussinesqPimpleFoam solver, which solves the filtered incom-
pressible Navier—Stokes equations under the Boussinesq approximation, see
chapter 3.
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Case Pr Pr; Ra
ILES 07 — 108
WALE LES 0.7 09 108

Table 5.2: Fluid properties for the coarse grained simulations.

5.2 Validation

Case Nu Relative error Cost saving Normalized cost

(%) ratio (%)

DNS 15 — 1 100
ILES 18.09 20.6 6 0.35
WALE LES 16.62 10.8 4 0.51

Table 5.3: Validation of LES approaches against DNS in terms of heat trans-
fer prediction and computational efficiency. The relative error is computed
with respect to DNS. The cost saving ratio represents the measured com-
putational speed-up based on CPU hours per unit time simulated, while
the normalized cost corresponds to the theoretical cost relative to DNS es-
timated from the scaling N5/ At.

The statistical assessment of the different modelling strategies is organ-
ised into two main parts. The analysis first focuses on the flow dynamics
in the colder atmospheric layer above the canopy, for z € [0.2H, H] corre-
sponding to [5(¢,)p, 25(¢,)s], and subsequently addresses the effects induced
by the urban configuration within the canopy region, z € [0,5(¢,);]. Consis-
tently with the DNS analysis, all quantities are expressed in dimensionless
form using the average building height (£, ) as the reference length scale and
the free-fall velocity Ury = v/gBAO 4. H as the velocity scale. Statistical
averages are computed by exploiting the symmetries of the flow field and
are reported in the cylindrical coordinate system (r, ¢, 2).

As reported in Table 5.3, the WALE LES provides a more accurate predic-
tion of the heat transfer, with a relative error of 10.8% compared to DNS.
Conversely, the ILES exhibits a larger deviation of 20.6% but achieves a
higher measured computational speed-up. Based on CPU hours per unit
time simulated, ILES is approximately six times faster than DNS, whereas
WALE LES provides a speed-up of about four. A theoretical estimate based
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Figure 5.1: Contours of mean temperature O(r,2)/AO,q, for the three
simulations: (a) DNS, (b) ILES, and (¢) WALE LES. The vertical dashed
line indicates the location of the city boundary.

on the ideal scaling N,.j;s/At would instead predict a speed-up of the or-
der of 102. The discrepancy between the theoretical and measured values
arises from implementation factors, including solver efficiency, paralleliza-
tion strategy, and numerical discretization, see chapter 3.

5.2.1 Free flow statistics

As shown in figure 5.1, the mean temperature contours ©(r, z) obtained
from the coarse-grained simulations (b—c) reproduce the large-scale thermal
structure developing above the urban canopy, consistently with the DNS
reference solution (a). In all cases, a monotonic decay of temperature is
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observed in both the radial and vertical directions.
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Figure 5.2: Vertical profiles of the mean temperature ©(z)/A©,,4, at two
radial locations: r = 25 (solid lines) and r = 100 (dash—dot lines). DNS
(black), WALE LES (red), and ILES (blue).

The WALE LES (c) exhibits closer agreement with the DNS in terms
of the overall shape and spatial extent of the thermal plume. Minor dis-
crepancies are confined to the city centre at r = 5 (r(¢;)p/R = 0.2), where
the warm core appears slightly narrower than in the reference solution. By
contrast, the ILES configuration (b) shows more pronounced deviations. In
the central urban region (r = 5), the warm core is vertically elongated com-
pared to both DNS and WALE LES, with the isotherms corresponding to
© € [0.4,0.5] extending to higher elevations. This indicates an overpredic-
tion of the vertical spreading of the thermal plume. Moreover, for r > 83
(r{¢z)p/R = 0.32), ILES predicts a narrower and relatively colder outer
region.

The vertical temperature profiles shown in figure 5.2, extracted at the
city edge and near the domain boundary, further confirm these observations.
At both radial locations, the profiles largely collapse, indicating that the
large-scale thermal structure is robustly reproduced by the LES configura-
tions. Nevertheless, small discrepancies persist. The WALE LES (red line)
remains in close agreement with the DNS reference (black line), whereas the
ILES solution (blue line) systematically overpredicts the mean temperature
across the entire vertical extent. The coarse-grained simulations also capture
the two vertical branches of the large-scale circulation, one originating from
the heated roughness elements at the bottom plate and the other located
near the outer region of the domain figure 5.3. In all cases, the urban region
(r <25, 7(€;)y/R < 1) is characterised by positive vertical velocity W, which

42



5.2. VALIDATION

z
0 20 40 60 80 100
r
(b)
z
0 20 40 60 80 100
r
z

0

20 40 60 80 100

Figure 5.3: Contours of mean vertical velocity W (r,z)/Uys for the three
simulations: (a) DNS, (b) ILES, and (¢) WALE LES. The vertical dashed
line indicates the location of the city boundary.

progressively decreases with increasing radial distance from the city centre.
The maximum upward velocity is observed at approximately z ~ 17, above
which the urban updraft gradually weakens. In the ILES configuration (b),
the mean vertical velocity exceeds that of the DNS (a). This behaviour is
consistent with the previously identified temperature overprediction in the
same region, which enhances buoyancy-driven acceleration.

The ascending branch of the large-scale circulation is located in the outer
region of the domain, corresponding to the countryside. The vertical veloc-
ity profiles reported in figure 5.4 further support this interpretation. At the
city boundary (r = 1, r(¢;)p/R = 1), all three simulations exhibit similar
behaviour, with the ILES solution (blue curve) showing a slightly stronger
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Figure 5.4: Vertical profiles of the mean vertical velocity W (z)/Uys at two
radial locations: r = 25 (solid lines) and r = 100 (dash-dot lines). DNS
(black), WALE LES (red), and ILES (blue).

upward motion. At the outer edge of the domain, DNS and ILES almost
coincide, whereas the WALE LES predicts a weaker downward velocity,
reaching only about 49% of the DNS magnitude. This discrepancy is con-
sistent with the spatial distribution observed in the contour plots figure 5.3.
The mean radial velocity contours figure 5.5 complete the description of the
horizontal branches of the large-scale circulation. As previously discussed
in chapter 4, the urban canopy region is characterised by a radially inward
boundary layer. Both coarse-grained simulations consistently reproduce this
behaviour. In the lower portion of the domain (approximately z < 15), the
radial velocity remains negative, indicating flow directed towards the canopy.
Conversely, above z > 17, the radial component becomes predominantly pos-
itive up to the top boundary, particularly around r ~ 90 (r(¢.),/R < 3.6),
corresponding to the descending branch of the large-scale circulation where
the flow spreads outward. The WALE LES figure 5.5(c) exhibits a slightly
stronger outward radial component in the near-canopy region for z < 2.5,
particularly around r ~ 9 (r(¢,)p/R < 0.1). This enhanced radial spreading
is consistent with the behaviour observed in the vertical velocity field, where
the upward motion appears more spatially extended compared to both DNS
and ILES, see figure 5.3(c). In particular, vertical velocities in the range
[0.115, 0.181] for r < 8 (r(£;)p/R < 0.32) occupy a broader region. As a
consequence, the thermal plume in the WALE configuration expands radi-
ally at lower elevations. By contrast, the ILES configuration exhibits a more
rapid radial decay of the outward velocity in the upper portion of the do-
main (z > 18), indicating a comparatively more confined plume structure at
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higher altitudes. The vertical profiles of the mean radial velocity are shown
in figure 5.5. At r = 25 (r(¢;)y/R = 1), the three simulations display very
similar behaviour, with both ILES and WALE LES slightly overpredicting
the radial velocity relative to the DNS while preserving the overall profile
shape. At the outer boundary, the discrepancies become more pronounced.
The WALE LES remains in close agreement with the DNS throughout the
vertical extent, whereas the ILES solution overestimates the radial velocity
below the height at which the sign inversion occurs (U, = 0). Above z > 15,
ILES predicts a significantly weaker outward radial velocity, reaching only
about 22% of the DNS magnitude (0.013 compared to 0.058).

z
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r
(b)
z
80 100
(¢)
z

80 100

Figure 5.5: Contours of mean radial velocity U, (r, z)/Uyy for the three sim-
ulations: (a) DNS, (b) ILES, and (¢) WALE LES. The vertical dashed line
indicates the location of the city boundary.
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Figure 5.6: Vertical profiles of the mean vertical velocity U,(z)/Uss at two
radial locations: r = 25 (solid lines) and r = 100 (dash-dot lines). DNS
(black), WALE LES (red), and ILES (blue).

5.2.2 Turbulent mixing

Turbulent intensities are evaluated through the contours of the root-
mean-square (rms) fluctuations of both temperature and velocity fields.
Figure 5.7 presents the temperature rms for the three simulations. Both
ILES and WALE LES (b—c) correctly identify the urban thermal plume as
the region of maximum temperature fluctuations, in agreement with the
DNS reference (a). In all configurations, the fluctuation levels are primar-
ily confined within the urban area and progressively decrease both radially
toward the rural surroundings and vertically toward the upper boundary.
The rms of the vertical velocity component is reported in figure 5.8. The
largest fluctuation levels are concentrated along the ascending and descend-
ing branches of the large-scale circulation (LSC), approximately located at
r <20 (r{l.)p/R < 0.8) and r > 80 (r({;)p/R < 3.2), respectively. Com-
pared to DNS, both LES configurations predict enhanced fluctuation inten-
sities distributed over a broader spatial region. In particular, the zones of
elevated rms values extend further toward the city centre, especially along
the descending branch of the LSC.

A comparable spatial distribution is observed for the horizontal velocity
fluctuations. The rms contours of the tangential and radial velocity compo-
nents figures 5.10 and 5.9 display consistent patterns across all simulations.
In each case, a pronounced fluctuation peak develops near the upper bound-
ary, induced by the imposed boundary condition. This feature is particularly
evident in the regions r < 25 (r(¢,)/R < 1) and r > 77 (r(€;)/R < 3.08).
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Figure 5.7:  Contours of the standard deviation of temperature

VA0?) (1, 2) /AO pqy for the three simulations: (a) DNS, (b) ILES, and (c)
WALE LES. The vertical dashed line indicates the location of the city bound-
ary.

A comparison between the modelling approaches reveals that the WALE
LES (panel ¢ of figure 5.10) systematically predicts lower fluctuation levels
for both horizontal components.

5.3 Considerations

Before analysing the lower portion of the domain (2 € [0,5(¢.)]), it
is useful to summarise the main findings obtained in the region above the
canopy. For the implicit LES configuration, the mean temperature field is
systematically overestimated with respect to the DNS reference, particularly
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Figure 5.8: Contours of the standard deviation of vertical velocity

(w'2)(r,z)/Ugy for the three simulations: (a) DNS, (b) ILES, and (c)
WALE LES. The vertical dashed line indicates the location of the city bound-
ary.

above the city centre for z < 11. This thermal bias is reflected in an overesti-
mation of the mean Nusselt number and in a strengthening of the large-scale
circulation. In particular, the peak mean vertical velocity increases by ap-
proximately 19% relative to DNS. By contrast, the Wall Adapting Local
Eddy-viscosity model provides a more accurate representation of the mean
temperature distribution, indicating a more consistent balance between re-
solved momentum and thermal transport. The primary deviation from DNS
concerns the structure of the large-scale circulation, whose vertical branches
appear slightly broadened and shifted toward the domain centre. Consid-
ering the turbulent fluctuations, the WALE LES systematically underesti-
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Figure 5.9: Contours of the standard deviation of radial velocity
(u2)(r,z)/Uys for the three simulations: (a) DNS, (b) ILES, and (c)

WALE LES. The vertical dashed line indicates the location of the city bound-
ary.

mates the rms levels, especially for the velocity components. This behaviour
indicates a stronger damping of turbulent motions, likely associated with
enhanced subgrid-scale dissipation. As a consequence, the WALE configu-
ration exhibits a more diffusive behaviour than the DNS, leading to faster
large-scale mixing but reduced fluctuation intensities in low-energy regions,
together with a modified large-scale circulation structure. Although ILES
is less accurate, its reduced computational cost makes it a efficient choice,
as will be demonstrated in section 5.5.
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Figure 5.10: Contours of the standard deviation of tangential velocity

\/(u2)(r,2)/Uss for the three simulations: (a) DNS, (b) ILES, and (c)

WALE LES. The vertical dashed line indicates the location of the city bound-
ary.

5.4 Urban canopy

The urban canopy layer (0 < z < 5) is analysed through time averaged
contour fields. The mean temperature O slices extracted at the mid-plane
of the city domain figure 5.11 clearly reveal the thermal plume emerging
from the heated roughness elements in all simulations. The WALE LES (¢)
exhibits closer agreement with the DNS reference (a), particularly in the
regions between buildings, where sharper temperature gradients and local-
ized thermal structures are better preserved. This improved representation
is consistent with the enhanced mesh refinement adopted in the WALE
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Figure 5.11: Contours of the mean temperature field O(r, z)/ABO,q, for the
three simulations: (a) DNS, (b) ILES, and (¢) WALE LES.
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Figure 5.12: Contours of mean vertical velocity W (r, z)/Uys for the three
simulations: (a) DNS, (b) ILES, and (¢) WALE LES.

configuration. The mean vertical velocity slices figure 5.12 highlight the
buoyancy-driven updraft developing within the city centre (—10 < r < 10),
generated by the warmer roughness pattern. In this region, the WALE LES
(c) displays a smoother and more diffused velocity distribution, whereas the
ILES configuration (b) shows stronger spatial aggregation of the flow struc-
tures, resulting in locally higher velocity magnitudes compared to DNS.



5.5. MODELLING CONSIDERATIONS

5.5 Modelling considerations

The present analysis highlights the trade-off between computational effi-
ciency and physical accuracy in coarse-grained simulations of urban thermal
flows. From a computational perspective, both LES approaches provide a
substantial reduction in cost compared to DNS. The ILES configuration
is approximately 6 times faster than the reference simulation, whereas the
WALE LES achieves a speed-up of about 4. This gain makes coarse-grained
approaches attractive for parametric studies and large-domain simulations.
In terms of mean-flow prediction, the WALE model delivers the most ac-
curate representation of the temperature field, particularly within the ur-
ban canopy and in regions between buildings. The improved agreement
with DNS is associated with enhanced near-wall resolution and an explicit
subgrid-scale closure. However, this configuration exhibits a more diffu-
sive character in the velocity field and systematically underpredicts turbu-
lent fluctuation levels, indicating stronger subgrid-scale dissipation. The
ILES configuration, on the other hand, tends to overestimate the mean
temperature within the city and produces a more intense large-scale circu-
lation. While this leads to deviations in buoyancy-driven acceleration and
heat transfer, the overall large-scale organisation of the flow is preserved.
Given its significantly lower computational cost, ILES represents a competi-
tive alternative when the primary interest lies in global heat-transfer trends
rather than in the detailed representation of local turbulence statistics. The
present results allow us to identify several practical implications for LES of
urban thermal flows. First of all, an adequate mesh refinement within the
urban canopy is essential to capture gradients between buildings and shear-
layer dynamics. Explicit subgrid-scale modelling (e.g. WALE) improves the
prediction of mean thermal fields but may introduce enhanced dissipation
of velocity fluctuations. A significantly reduced computational cost can be
reached with implicit LES approaches that can provide acceptable accu-
racy for large-scale circulation and global heat-transfer. Overall, the choice
between ILES and WALE should be guided by the specific objectives of
the simulation: detailed local mixing and near-wall accuracy favour WALE,
whereas large-scale trend analysis and computational efficiency favour ILES.
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Chapter 6

High-Fidelity LES of mixed
convection in paradigmatic
urban environments

After assessing the effect of only buoyancy in an urban configuration,
the study of the urban climate is extended to include the combined effect of
buoyancy and wind forcing. This chapter analyses the results obtained from
the coarse-grained simulations of the reference urban configuration under
mixed convection conditions. In this present case, a turbulent colder flow
impinges laterally on the urban geometry. Following the description of the
new flow setup, results from implicit LES performed with OpenFOAM are
presented, with particular attention on the different flow phenomena arising
from the interaction between buoyancy and wind shear within an urban
canopy.

6.1 Flow setup

PR

L,
Uy
LY

Figure 6.1: Schematic of the domain use for the mixed convection simulation.
The urban pattern is highlighted in red.
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In order to account for the effect of a wind shear on the urban config-

uration, the computational domain was extended along the wind direction
by duplicating its original length without changing the resolution adopted
in the pure convection case. A schematic of the new domain is reported
in figure 6.1. This was due to allow the flow to fully develop and transi-
tion to turbulence before reaching the urban pattern, which is now centred
at L, = 12R from the inlet, where R denotes the radius of the city. The
complete set of domain parameters is reported in table 6.1. A further modi-
fication concerns the boundary conditions adopted in this new setup. Fixed
value for the velocity field is imposed at the inlet plane for x = 0, combined
with an outflow condition at * = 16R to prevent a reverse flow. At the
bottom wall, the top boundary and at the two lateral sides for y = 0 and
y = 8R, the boundary conditions remain unchanged with respect to the pre-
vious configuration thus no slip and impermeable condition for the bottom
plate and periodic boundary condition for the lateral sides.
Similarly, for the temperature field, in order to consistently model noc-
turnal urban heat island conditions while maintaining a global tempera-
ture difference of A©,,.: = 1 across the entire domain, a fixed temper-
ature value is prescribed at the inlet, 6(0,y,2,t) = Ogun. At the top
boundary and at the outlet, a Neumann boundary condition with zero nor-
mal derivative is imposed. The temperature distribution within the ur-
ban canopy remains unchanged with respect to the pure convection case,
such that Ouum < Ocountry < Ocity, With also AOcountry/Oatm = 0.5,
AOcity/Oatm = 0.5 respectively. A general overview of the flow evolution
shows that a colder inflow enters the domain, progressively warms up and
becomes turbulent as it approaches the urban roughness.

Ly xLyxL, nr X ny X nz Refinement Total cells CPU hours

16R x 8R x R 1100 x 550 x 145 1* 8.8-107 32256

Table 6.1: Domain parameters for the mixed convection case. The asterisk
(*) in the Refinement column indicates a uniform surface refinement level
of 1 for the city region.

In this regard, to quantify the relative importance of buoyancy forces
compared to inertial forces, it is necessary to introduce another dimension-
less control parameter, namely the Richardson number, defined as:

. BgA@LO

Ri 02

(6.1)
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6.1. FLOW SETUP

where Uy denotes the reference velocity, Lo the reference length, A© the
reference temperature difference in the domain, g the gravitational acceler-
ation and S the thermal expansion coefficient. The Richardson number can
also be rewritten considering the ratio between velocity induced by buoy-
ancy, the free-fall velocity and the velocity induced by an external forcing
as:

Ri=U3;/Us (6.2)

According to its values, different flow regimes can be identified ranging

from the buoyancy dominated or natural convection, when Ri > 1, to forced
convection, for Ri < 1, where temperature acts as a passive scalar and buoy-
ancy effects are completely negligible. The present study lies between this
opposite flow dynamics: since mixed convection regime is considered, the
velocity induced by buoyancy is comparable to the velocity generated by
external forcing, resulting in Ri ~ 1.
While the Richardson number characterizes the relative importance of buoy-
ancy and inertial forces and therefore defines the dynamical regime of the
flow, it does not provide information on the global thermal balance of the
system. In order to assess the heat transfer and to verify that a statistically
stationary state has been reached, an additional dimensionless parameter is
introduced, the Stanton number:

_ Guw . Ooutiet — Oinlet
St = pcp,AOUy AO 0z (6:3)

where ¢, indicates heat flux computed at the wall and the second equal-
ity follows from a global heat balance between inlet and outlet sections.

In the present simulation the imposed inflow velocity is set such that
Up/Uss = 0.71 and the Richardson number computed at the city centre is
1.98 as reported in table 6.2 together with the remaining flow parameters.
In order to provide a physical interpretation of these values, and consistently
with the scaling arguments discussed in the pure convection case, chapter
4, considering the same range of surface layer H ~ 500m, and a tempera-
ture differences between the city and the atmosphere A©,,q ~ 20°C, the
corresponding value for the Reynolds number, based on the inlet velocity
would be of the order would be of order Re ~ 10® which is typical of real
atmospheric flows but not accessible due to computational reason.
Nevertheless, the simulated flow is primarily governed by the interplay be-
tween buoyancy and inertial forcing, quantified through the Richardson
number. Therefore, the simulations are expected to capture the dominant
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6.2. RESULTS

physical mechanisms characterizing full-scale urban mixed convection flows,
despite the lower Reynolds number achievable numerically. Given the re-
sults obtained using implicit LES in chapter 5 combined with the lower
computational cost, we chose to adopt the same approach for the mixed
convection case. As in chapter 5 the ILES simulation was carried out with
OpenFOAM using the buoyantBoussinesqPimpleFoam solver and keeping
all the numerical settings unchanged.

Ri,.—¢o Ra Re Pr St
1.98 10°® 340 0.7 0.038

Table 6.2: Flow settings for the mixed convection case. The Richardson
number is computed at the city centre for r = 0 where A©,,,. = 1. Re is
evaluated considering the mean buildings height as a reference length.

6.2 Results

To ensure consistency with the results presented in chapter 4, all statis-
tics reported in the following sections are expressed in dimensionless form.
The mean buildings height (¢,);, is adopted as the reference length scale,
while the free-fall velocity Uss = /gBAOqH is used as the reference
velocity scale. Furthermore, for clarity, a Cartesian coordinate system is
adopted instead of the cylindrical one previously used, since the azimuthal
symmetry is no longer present in the current configuration. In this frame-
work, the city centre is located at (Lg, Ly, L;) = (100(¢;)p, 100(¢;)p, 0).
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6.2.1 Instantaneous flow fields

0
0.000.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.91.00

—— | ——

Figure 6.2: Slices of instantaneous dimensionless temperature field 6 in the
x—z plane taken at y = 4R

To provide a qualitative overview of the flow dynamics prior to discussing
the time-averaged fields, instantaneous visualisations of the velocity and
temperature fields at ¢ = 55 free fall times are presented. The instantaneous
temperature slice for a portion of the domain for = € [—50(¢, )y, 200(£, )],
and shown in figure 6.2, clearly illustrates the streamwise development of the
thermal field. Upstream of the urban canopy, the flow remains initially lami-
nar and characterised by a relatively smooth thermal boundary layer growing
from the bottom wall. As the colder incoming flow approaches the heated
urban region, the boundary layer thickens and progressively undergoes tran-
sition, leading to the formation of turbulent structures. Downstream of the
city, a turbulent thermal wake is observed, marked by irregular temperature
fluctuations and enhanced vertical mixing.
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0
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0.000.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.91.00

| bbb—

Figure 6.3: Iso-surfaces of the instantaneous Q-criterion at Q=0.85. Build-
ings and the ground surface are colored according to the instantaneous tem-
perature field. The visualization shows a zoomed view of: (a) city region
and (b) lower part of the computational domain.

The visualisation of positive values of the Q-criterion restricted to the
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subdomain = € [0,200(¢;)], y € [0,200(¢;)p], and z € [0,25], figure 6.3,
highlights regions where rotational effects dominate over strain, thus identi-
fying coherent vortical structures. Upstream of the canopy, several hairpin
vortices can be observed that under mean shear enhance vertical transport
by lifting low-momentum, warmer fluid away from the wall while entrain-
ing colder fluid downward. A clear concentration of vortical structures is
detected also within the canopy region, where the roughness pattern in-
duces flow separation and local shear layers around the buildings, which
promote vortex generation and intensify turbulence production that leads
to enhanced mixing. Vertical slices at different streamwise locations, figure
6.4, further clarify the flow evolution. The instantaneous temperature field,
figure 6.4(a), reveals the formation of streamwise elongated thermal streaks
originating from the heated bottom surface. These structures exhibit a
temperature contrast with the background and their axis is aligned with the
mean flow direction. While thermal forcing initiates vertical updrafts, the
mean velocity gradient stretches and organises them into coherent stream-
wise structures. Further downstream, figure 6.4(b), the flow exhibits a fully
developed turbulent state, with fluctuations spanning more than half of the
vertical extent of the domain. In the urban region, where the imposed tem-
perature is higher than the surroundings, it is possible to note additional
buoyant plumes originating also from the building surfaces.

(b)

0.000.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.91.00

k— | b ———

Figure 6.4: Slices of instantaneous dimensionless temperature field 6 in the
y—z plane at (a) z =0 and (b) x = 100(¢,)y.
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6.2.2 Mean fields

Due to the lack of symmetry in the present configuration, spatial averag-
ing is no longer possible and the statistical analysis relies exclusively on time
averaging. The mean fields are therefore computed over a time window of
127 freefall times, corresponding to more than 60 statistically independent
snapshots. Slices of the mean temperature field in the z—z plane, limited
to the interval x € [200(/.)p, 25(¢,)p] and taken both outside and at the
centre of the urban region, figure 6.5, reveal markedly different behaviours
as discussed so far. The edge slice, figure 6.5(a), shows that the domain can
be clearly divided into two regions separated approximately at H/2 = 12.5.
The upper half of the domain is almost entirely occupied by the coldest
fluid of the system, maintaining an approximately constant thickness along
the streamwise direction. In contrast, the lower half exhibits a progressive
evolution of the thermal boundary layer. Near the inlet region, the flow
remains laminar, and the temperature boundary layer grows gradually in
thickness. As the flow approaches the urban region, the boundary layer un-
dergoes transition and becomes increasingly turbulent.

0 25 50 5 100 125 150 175

Figure 6.5: Slices of mean temperature fields ©(x, 2)/ABOq, in the z—2
plane at (a) y = 0 and (b) y = 100(¢;)p.

The middle slice, figure 6.5(b), highlights the combined effect of surface
roughness and of the imposed non uniform bottom temperature distribution.
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In contrast with the outer slice, the cold upper region does not preserve a
constant thickness. Starting from = ~ 50(¢.);, its vertical extent decreases
due to the upward transport of warmer fluid induced by turbulent motions
subsequently enhanced by the urban roughness. The interaction between
shear and buoyancy therefore modifies the vertical thermal stratification
within the canopy region. Focusing on the urban area, higher temperatures
are observed due to the imposed boundary conditions. Under the action
of the incoming colder wind, heat is advected downstream, generating a
distinct warm wake. Consequently, lower temperatures are detected at the
windward side of the city, while the central and downstream portions of
the urban canopy, together with the immediate wake region, exhibit higher
mean temperature values, figure 6.5(b).
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Figure 6.6: Slices of mean temperature field O(x,y)/AO 4, in the z—y
plane at (a) z = 0.1H and (b) z = 0.1H. In (b) the colorbar is saturated to
highlight the city wake.

The footprint of this warm wake is also visible in horizontal slices, fig-
ure 6.6. At z = 0.1H above the building height, two warmer bands can
be identified emerging from the city centre and extending approximately
2R downstream. These structures reach mean temperature values of about
0.35, corresponding to nearly one third of the maximum imposed tempera-
ture difference. Although less intense than the urban core, their persistence
highlights the efficiency of downstream heat advection and the longitudinal
spreading of the thermal wake.

The streamwise development of the mean temperature field, figure 6.7,
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Figure 6.7: Slices of mean temperature field ©(y, z)/A© 4, in the z—2z plane
at (a) x = 0,(b) x =4 and (¢) x = 4 with superimposed mean streamlines.

further confirms this scenario. At the middle domain section, figure 6.7(a),
where transition begins, regions of ascending warm fluid emerge from the
heated bottom boundary in a relatively homogeneous manner all along the
section. Further downstream at = 100(¢, ), reported in figure 6.7(b), the
warmer layer has significantly increased in thickness, leading to a reduc-
tion of the cold upper region with the urban core which remains distinctly
warmer than the surrounding areas. This behaviour reflects enhanced tur-
bulent mixing, which intensifies vertical heat transport while redistributing
temperature within the bulk of the flow. The mean streamlines superim-
posed on the mean temperature contours in figure 6.7(c) provide insight into
the underlying flow organisation. A large-scale circulation (LSC) spanning
the entire spanwise extent of the domain can be identified. In particular,
the urban region is characterised by two counter-rotating circulation cells
emerging around y = 4R, which extract heat from the canopy and trans-
port it towards the outer regions of the domain. As the flow ascends, by
mixing with the outer region, it cools and reaches the top boundary, where
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it spreads radially outward and subsequently descends along the peripheral
regions, thereby completing the circulation circle. The influence of the free-
slip boundary condition at the top wall is also evident: streamlines in the
upper part of the domain are predominantly horizontal, consistent with the
upper region of the large-scale recirculation established within the domain.
Complementing the two-dimensional representation, figure 6.8(a—b) presents
three-dimensional streamlines extracted from the mean flow field. Figure
6.8(a) highlights the vertical acceleration of the flow at the upstream edge
of the canopy, where the streamlines bend upward as a consequence of the
buoyancy motion and both impingement and blocking effects, generated by
the heated urban roughness. Furthermore, figure 6.8(b) shows that stream-
lines travelling along the periphery of the city are progressively entrained
into the ascending branch. This behaviour reflects mass conservation re-
quirements, as the upward transport of warm fluid must be balanced by
compensating inflow from the surrounding regions.
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Figure 6.8: Three-dimensional streamlines of the mean field. The stream-
lines highlight the trajectory above the ground. Buildings and the bottom
surface are coloured according to the mean temperature. (a) Slice taken at
y =0 and (b) plan view of the z—y plane.
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Chapter 7

Urban Canopy parametric
studies

Following the assessment of best-practice guidelines for LES in urban
environments in chapter 5, the numerical framework is here employed to
perform a parametric study of idealized urban canopies. Seven additional
urban configurations are generated by varying three key morphological pa-
rameters: the plan area density coverage \,, the average building vertical
aspect ratio AR, and the coefficient controlling the radial distribution of
building heights €, which defines the overall city-shape profile, and investi-
gated by means of implicit LES using OpenFOAM. This choice is motivated
by the reduced computational cost compared to DNS and by the good agree-
ment previously demonstrated between implicit LES and DNS results for the
reference configuration. The validated LES framework therefore enables the
exploration of a broader parametric space while maintaining high-fidelity
resolution of the dominant flow and thermal structures. Each urban con-
figuration is investigated under both pure and mixed convection regimes.
The analysis focuses on global heat transfer indicators. In particular, the
different configurations together with the reference canopy adopted in the
best-practice study, are compared in terms of Nusselt number for the pure
convection cases and Stanton number for the mixed convection cases, thus
providing a unified measure of the thermal exchange efficiency across the
eight considered urban morphologies. After a brief description of the gener-
ated city patterns, the results are presented separately for pure and mixed
convection, followed by a comparative discussion highlighting the influence
of each morphological parameter.

7.1 Urban canopies

Table 7.1 summarizes the five parameters characterizing each urban con-
figuration generated from scratch through the algorithm described in chap-
ter 2. Each canopy is uniquely defined by a specific combination of the five
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key urban parameters, morphological descriptors starting from the reference
canopy adopted in the DNS study, case 1 in table 7.1, allowing for an explo-
ration of the urban parameter space. While all five parameters define the
geometric configuration, the present parametric study primarily focuses on
the influence of the first three, namely the plan area density, A,, the aver-
age building vertical aspect ratio AR ,, and ¢, the coefficient controlling the
radial height distribution on the global heat-transfer performance. These
are selected and independently varied, each assuming two distinct values,
whereas all other geometric characteristics are kept unchanged.

Simulation A, AR, € AR, n
1 0.08 1.68 1.08 1.7 176
2 0.11  1.67 1.07 1.65 227
3 0.08 1.09 0.7 169 179
4 0.098 1.1 0.72 1.72 211
5 0.08 1.68 0.76 1.68 182
6
7
8

0.11 168 08 1.70 243
0.11 1.12 047 1.70 234
0.09 1.09 048 1.62 183

Table 7.1: Reference urban canopies parameters for each case study.
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7.2 Pure convection

17.72

Nu 17.47 1

.
17.23 4 ey -

0.08 0.09 0.10 0.11

Figure 7.1: Nusselt number Nu as a function of the plan area density A, for
different values of the smoothing parameter € and vertical aspect ratio AR ,.
Green curves refer to AR, ~ 1.1, and black curves to AR, ~ 1.68. Green
dashed lines correspond to € ~ 0.48, green solid lines to € ~ 0.71 while black
dashed lines represent € ~ 0.78 and black solid lines € ~ 1.08.

Starting from the pure convection analysis, figure 7.1 reports the vari-
ation of the Nusselt number as a function of the plan area density A, for
the different canopy configurations. In general, heat transfer efficiency in-
creases with increasing density coverage, although the magnitude of this
enhancement strongly depends on the specific urban morphology. In the
configuration characterized by AR, ~ 1.68 and ¢ ~ 1.08, black solid line,
an increase of density coverage of approximately 27% results in a 2.76%
increase in the Nusselt number. Figure 7.2 shows two instantaneous slices
of the temperature field 6 for simulation 1, 7.2(a) with A\, = 0.08, and for
simulation 2, 7.2(b) with A, = 0.11 as a reference for this effect.
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Figure 7.2: Instantaneous slices of dimensionless temperature 6 in the z—
z plane taken in the middle of the domain at 350 free-fall times. Panel
(a) shows simulation 1 with A, = 0.08 while (b) shows simulation 2 with
Ap = 0.11.

By contrast, in two other configurations, solid and dashed green lines in
figure 7.1, an 18% increase in A, leads to a much weaker enhancement of heat
transfer, below 0.5%, indicating a limited sensitivity to density variations
in those cases. To interpret these trends, the combined influence of vertical
aspect ratio and radial smoothing must be considered. For canopies char-
acterized by taller and more slender buildings (AR, > 1.5), increasing the
plan area density enhances vertical heat transport when the radial smooth-
ing is weak (e ~ 1). In this configuration, the peripheral buildings retain
significant height, contributing effectively to roughness induced mixing and
plume generation across a wider portion of the urban area. Vice versa, when
€ < 1, stronger radial smoothing produces a pronounced height difference
between the city centre and the periphery, resulting in significantly lower
buildings in the outer region. In this case, part of the peripheral rough-
ness may remain embedded within the thermal boundary layer, reducing its
contribution to vertical heat exchange. As a consequence, increasing the
density is not reflected into a comparable increase in global heat transfer.
This is confirmed also, when considering buildings with AR, ~ 1, where the
combined effect of stronger radial smoothing and increased density can even
lead to a slight reduction in heat transfer efficiency.
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Figure 7.3: Nusselt number Nu as a function of the vertical aspect ratio
AR, for different values of the smoothing parameter ¢ and the plan area
density A,. Black solid line refers to A, ~ 0.08 € ~ 0.73.

Concerning the dependence of the Nusselt on the vertical aspect ratio
AR, figure 7.3 reports a representative configuration for for A, ~ 0.08
€ ~ 0.73 considering the maximum variation of the vertical aspect ratio. As
AR increases by a 35% the Nusselt number rises from 17.378 to 17.428 that
corresponds to an enhancement of 0.29%. Although moderate, this increase
confirms that taller and more slender buildings promote slightly stronger
vertical heat transport, consistently with the trends previously discussed
for the density variation. An illustrative example of this effect can also
be observed in figure 7.4, where the lower slice, panel b corresponds to a
configuration characterised by higher heat transfer efficiency.
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Figure 7.4: Instantaneous slices of dimensionless temperature 6 in the z—z
plane taken in the middle of the domain at 350 free-fall times. Panel (a)
shows simulation 3 characterized by AR, = 1.09 while (b) shows simulation
5 with AR, = 1.68.

Finally, the influence of the radial smoothing parameter ¢ on the global
heat transfer, shown in figure 7.5, reveals two distinct behaviours depending
on the plan area density. For the configuration characterized by AR, ~ 1.67
and A\, ~ 0.11, red solid line in figure 7.5, decreasing e by approximately
25%, from 1.07 to 0.8, leads to a reduction of about 1.6% in the Nusselt
number, from 17.72 to 17.427. On the other hand, for the configuration
with the same vertical aspect ratio but lower density A\, ~ 0.08, a reduction
of € of nearly 30%, results in an increase of approximately 1.2% in heat
transfer efficiency. This apparently opposite behaviour highlights the cou-
pled effect between radial smoothing and surface coverage. At lower density,
stronger radial smoothing concentrates the tallest buildings in the central
region where temperature gradient are higher. This concentration leads to a
slightly higher Nusselt number. When € increases and the height distribution
becomes more uniform, the peripheral buildings are not sufficient to gener-
ate comparable additional mixing, resulting in a small reduction in global
heat transfer. This behaviour is further illustrated by the instantaneous
temperature slices shown in figure 7.5.
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Figure 7.5: Nusselt number Nu as a function of the smoothing parameter €
for different values of the vertical aspect ratio AR, and the plan area density
Ap- Black solid line refers to A, ~ 0.08 and AR, ~ 1.68 while red solid line
corresponds to A, ~ 1.1 and AR, ~ 1.67.
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Figure 7.6: Instantaneous slices of dimensionless temperature 6 in the z—z
plane taken in the middle of the domain at 350 free-fall times. Panel (a)
shows simulation 5 while (b) shows simulation 1.

7.3 Mixed convection

Moving to the mixed convection case, and following the same analysis
procedure, we first evaluate the Stanton number as a function of the density
coverage. In contrast to the pure convection case, where increasing density
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generally enhanced heat transfer, mixed convection results reveal the oppo-
site trend. Basically, the Stanton number tends to decrease as A, increases.
For instance, when considering roughness elements with AR, > 1.5, it is
possible to note how variation of 27% of the density coverage can lead to a
decrease of the Stanton number of approximately 0.65% and 1.6% accord-
ing to the value of € adopted. When roughness elements with AR, ~ 1.1
are taken into account, two different behaviours emerge. In one scenario,
an increase of 18% of A, the e adopted leads to a decrease of almost 5%
of the Stanton number. In the other configuration, with the same A, the
Stanton increases by 2%. The general trend of the Stanton number can be
explained by considering the combined effect of buoyancy and shear. As the
canopy becomes more densely populated the blocking effect of the build-
ings increasingly attenuates the mean flow within the urban canopy. While
in pure convection a higher density enhances buoyancy driven mixing, in
mixed convection the reduction of shear production may dominate, leading
to a net decrease in global heat transfer efficiency, see figure 7.8. This ef-
fect is more evident when considering AR, ~ 1.1 where the blocking and
sheltering effect are more evident.

0.039 1

St 0.038 -

Figure 7.7: Stanton number St as a function of the plan area density A, for
different values of the smoothing parameter € and vertical aspect ratio AR, .
Green curves refer to AR, ~ 1.1, and black curves to AR, ~ 1.68. Green
dashed lines correspond to € ~ 0.48, green solid lines to ¢ ~ 0.71 while black
dashed lines represent ¢ ~ 0.78 and black solid lines € ~ 1.08.
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Figure 7.8: Instantaneous slices of dimensionless temperature ¢ in the y-z
plane taken in the middle of the domain at 180 free-fall times. Panel (a)
shows simulation 8 with a A, = 0.11 while (b) shows simulation 7 with a
Ap = 0.09.

As already observed in the pure convection regime, the influence of the
vertical aspect ratio on the heat transfer is positive, as shown in figure
7.9 and in the slices 7.10. An increase of AR, of almost 35% leads to an
enhancement of the Stanton number of of about 3%, one order of magnitude
higher respect the corresponding case in pure convection where for the same
increase in aspect ratio case, resulted in only 0.29% gain of the Nusselt
number.
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Figure 7.9: Stanton number St as a function of the vertical aspect ratio AR,
for different values of the plan area density A, and the smoothing parameter
€. Black solid line refers to A, ~ 0.08 € ~ 0.73.
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Figure 7.10: Instantaneous slices of dimensionless temperature 6 in the y-z
plane taken in the middle of the domain at 180 free-fall times. Panel (a)
shows simulation 3 with AR, = 1.09 while (b) shows simulation 5 with

AR, = 1.68.

To conclude, figure 7.11 reports the Stanton number as a function of
€, the radial smoothing and figure 7.12 shows two instantaneous slices, as
reference for its effect. In this case, it can be observed that by lowering
€, thus generating more peaked city configurations, where taller buildings
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are concentrated near the city centre and building heights rapidly decrease
with radial distance configurations, reduces the heat transfer efficiency for
both for both density coverage considered, in contrast to the Stanton trend
shown in figure 7.7. This reduction is more evident for denser canopies, the
red line in figure 7.11, suggesting that stronger radial smoothing intensifies
the blocking effect and so heat transport efficiency.

0.039 1

St 0,038 - %

0.036 1, . . .
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€

Figure 7.11: Stanton number St as a function of the smoothing parameter ¢
for different values of the plan area density A\, and the vertical aspect ratio
AR.. Black solid line refers to A\, ~ 0.08 and AR, ~ 1.68 while red solid
line corresponds to A, ~ 1.1 and AR, ~ 1.67.
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Figure 7.12: Instantaneous slices of dimensionless temperature 6 in the y-z
plane taken in the middle of the domain at 180 free-fall times. Panel (a)
shows simulation 6 with A, = 0.11 and € = 0.8 while (b) shows simulation 1
with A, = 0.08 and € = 1.08.

7.4 Discussion on the parametric behaviour

At this point, it is useful to recap and highlight the main findings of
the parametric study. The three geometrical parameters considered, surface
density coverage \,, vertical aspect ratio AR ., and radial smoothing param-
eter €, play a significant role in both pure and mixed convection regimes,
although their influence differs, depending on the transport mechanisms.
Regarding the effect of the density coverage A,, two behaviour emerge. In
the pure convection case, the Nusselt number increases with increasing den-
sity coverage, especially for € ~ 1. In fact, with a strong radial smoothing
applied, € < 1, roughness elements at the periphery can be easily trapped
into the thermal boundary layer thickness and reduce thermal exchange, see
Zhang et al. (2018) for the definition of a critical roughness height, although
pyramidal roughness elements are considered or Tisserand et al. (2011).
Assuming a linear trend as shown in figure 7.1, where Nu increases from
17.225 to 17.72 when A, varies from 0.08 to 0.11, a further extrapolation up
to Ap = 0.16 would lead to an estimated Nu ~ 18.55, an increase of 7.7% of
the starting value. In contrast, when wind effects are included, the overall
heat transfer performance is governed by the balance between shear produc-
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7.4. DISCUSSION ON THE PARAMETRIC BEHAVIOUR

tion and buoyancy driven transport. In this case, increasing urban density
does not necessarily imply enhanced thermal exchange. Indeed, between
Ap = 0.08 and A, = 0.11, the Stanton number decreases by approximately
0.65%. Assuming again a linear trend, an increase up to A\, = 0.16 would
correspond to an estimated reduction of about 1.7% relative to the A, = 0.08
case. This reduction can be attributed to the blocking and sheltering effects
induced by denser canopies which prevent flow penetration and weakens
shear driven transport within the urban site made by staggered, and non
homogeneous buildings. Examples also of numerical simulations present in
the literature Jiang et al. (2008) and Coceal et al. (2006) show that the wind
speed inside the canopy is inversely proportional to Ap.

Concerning the vertical aspect ratio, its effect is positive in both regimes.
An increase in AR, enhances buoyancy production in pure convection and
amplifies shear production in mixed convection, with a more pronounced
impact in the latter. The larger percentage increase observed in the Stanton
number for the same variation of AR, indicates that, in mixed convection,
vertical elongation of the buildings not only strengthens buoyancy trans-
port but also promotes momentum redistribution above the canopy, thereby
amplifying the overall heat transfer efficiency. This is also confirmed experi-
mentally in Makedonas et al. (2021) where flow penetration is more evident
when considering canopies characterized by buildings of different heights,
even if in this case a much denser canopy is considered without the effect of
buoyancy. The effect of the radial smoothing, €, the last parameter, appears
coupled with the canopy configuration. When wind is introduced, a clearer
trend is observed: decreasing €, thus generating a more peaked city profile,
leads to a reduction of the Stanton number for both density levels considered.
This suggests that stronger radial concentration enhances flow obstruction
and limits shear penetration, independently of the coverage ratio.

To conclude, it is important to note that a deeper understanding of
these mechanisms would require additional simulations, ideally varying one
parameter at a time from a reference configuration. Moreover, the linear
trends assumed in the present extrapolations should be interpreted with
caution, as non-linear effects may arise outside the investigated parameter
range.
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Chapter 8

Conclusions

In the present thesis work, we propose a novel and general framework
to generate controlled idealised urban patterns using a minimal set of five
morphological parameters. The proposed parameterisation captures key ge-
ometrical characteristics of urban canopies, including coverage density, aver-
age building height, plan and vertical aspect ratios, and spatial distribution,
which are quantities that can be directly derived from real urban layouts.
The developed methodology enables the generation of heterogeneous urban
patterns composed of hexahedral buildings, each characterised by distinct
dimensions and orientations. Despite this, the resulting configuration sta-
tistically satisfies the prescribed global morphological parameters, which
uniquely identify the urban morphology.

For the first time, a Direct Numerical Simulation (DNS) of a reference
configuration defined by the parameter set (N, Ay, AR,, AR, €) =
(1963,0.08,1.7,1.68,1.08), corresponding to 176 buildings, representative of
a moderately dense small town, was performed to investigate the fundamen-
tal mechanisms governing turbulent convective heat transfer over complex
surfaces. In particular, non homogeneous temperature boundary conditions
were imposed on both the ground and the roughness elements in order to
reproduce a nocturnal urban heat island scenario under summer conditions.
This configuration allowed for the detailed characterisation of buoyancy-
driven large-scale circulation patterns, mean flow organisation, and turbu-
lent mixing processes arising from the interaction between morphological
heterogeneity and buoyancy.

The results show that the dominant flow feature is a large convective struc-
ture whose scale is comparable to the city size, resulting from the clustering
of smaller thermal plumes originating within the canopy. This large-scale
thermal structure, which acts as the principal carrier of heat, also gener-
ates a LSC of toroidal shape, whose ascending branch develops from the
warmer urban regions and is sustained by a radially inward boundary layer
transporting cooler air from the surrounding rural areas towards the city
centre. This mechanism further implies that scalars released within the city,
such as pollutants, are preferentially advected toward the central region be-
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fore being redistributed vertically by the updraft. Within this framework,
the thermal plume represents the most energetic region of the flow. The
largest temperature fluctuations occur within the urban region, for » < 25
(r{€;)p/R < 1), where their magnitude reaches approximately 20% of the
maximum imposed temperature difference. A deeper analysis of the heat
fluxes further clarifies the transport mechanisms governing the urban heat
island. The total heat flux exhibits a predominantly inward radial compo-
nent over most of the domain (r < 80, r(¢,),/R < 3.2), converging toward
the urban core where it is subsequently advected upward along the ascending
branch of the large-scale circulation. However, turbulent heat flux displays
an opposite radial tendency, reflecting its intrinsic role in enhancing mixing
between dynamically distinct regions. By promoting heat exchange from
warmer to cooler areas, turbulent transport reduces thermal gradients and
contributes flow homogenisation, a mechanism that is directly relevant for
understanding urban heat island mitigation processes.

The DNS results were used as a reference to evaluate two coarse-grained
approaches, in particular an Implicit LES (ILES) and a Wall Adapting Lo-
cal Eddy-viscosity (WALE) LES. The purpose of this comparison was to
derive practical guidelines for high-fidelity coarse-grained simulations in ur-
ban climate studies, where computational cost represents a critical con-
straint. Both approaches successfully reproduce the large-scale flow organi-
sation and the overall distribution of mean temperature and velocity fields
confirming that reduced order simulations can retain the principal dynam-
ical features of the system. However, differences emerge within the urban
canopy. The WALE approach provides a more accurate representation of the
mean temperature field, particularly in regions between adjacent buildings
where strong thermal gradients develop, owing to the explicit subgrid-scale
closure and enhanced near-wall resolution. At the same time, it exhibits a
more dissipative behaviour in the momentum field, leading to a systematic
underestimation of turbulent fluctuation levels. In contrast, the ILES ap-
proach tends to overpredict the mean temperature within the canopy and
to generate a slightly stronger large-scale circulation. The absence of an
explicit subgrid-scale model reduces artificial dissipation and partially pre-
serves fluctuation intensity, although at the expense of thermal accuracy.
From a best-practice perspective, the choice of modelling strategy should
depend on the objectives of the study: applications requiring accurate near-
wall resolution and detailed canopy-scale mixing favour WALE, whereas
investigations focused on large-scale circulation trends or computationally
demanding parametric campaigns may reasonably rely on ILES.

In the second part of this work, the reference urban configuration was
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analysed under mixed convection condition, characterised by a Richardson
number Ri ~ 1, thus accounting for the combined effects of buoyancy and
an externally imposed cooler inflow interacting with the urban canopy. The
introduction of a mean wind, significantly alters the flow organisation com-
pared to the purely convective case. In the streamwise direction, elongated
thermal streaks develop at the bottom boundary, indicating the dominance
of shear driven transport mechanisms superimposed on buoyancy-induced
motion. At urban scale, the incoming colder wind enhance a downstream
heat advection, generating a longitudinal thermal wake extending over a
distance comparable to the city size, and characterized by mean tempera-
ture reaching 35% of the maximum temperature difference in the domain,
highlighting the efficiency of longitudinal heat transport and the effect of
advection in reshaping the urban heat island structure. As a result, lower
temperatures are observed on the windward side of the city, while the cen-
tral and leeward portions of the canopy exhibit higher mean temperature
levels.

In conclusion, a parametric study was conducted in order to understand
the role of plan area density \,, vertical aspect ratio AR, and € the coef-
ficient control- ling the radial height distribution, in shaping the urban cli-
mate. Eight different urban configurations were analysed under both pure
and mixed convection setups. The results indicate that in both regimes,
buildings with vertical aspect ratio AR > 1 enhance heat transfer efficiency.
In pure convection, this effect is associated with increased buoyancy produc-
tion, whereas in mixed convection it amplifies shear production and strength-
ens the interaction between mean flow and canopy geometry. The influence
of plan area index, \,, depends on the flow regime considered. Under pure
convection, increasing A, leads to a corresponding increase in the Nusselt
number. In contrast, in mixed convection, the Stanton number decreases
as ), increases, primarily due to the enhanced blocking effect of buildings,
which progressively attenuates the mean flow within the urban canopy. For
configurations characterised by AR, > 1.5 and € ~ 0.48, a 27% increase in
Ap results in a 2.76% increase in the Nusselt number and a 0.65% reduction
in the Stanton number when comparing the two flow regimes. The effect of
€ by contrast, is more strongly coupled with the urban configuration. Under
mixed convection conditions, reducing € , corresponding to a more peaked
city profile, leads to a decrease in the Stanton number, regardless of the
density factor considered. This behaviour differs from the purely convec-
tive case, where the response depends on A,. At lower density, stronger
radial smoothing concentrates taller buildings in the central region, where
temperature gradients are higher. As € increases and the height distribu-
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tion becomes more uniform, peripheral buildings do not generate sufficient
additional mixing, resulting in a slight reduction in global heat transfer ef-
ficiency. On the contrary, for higher plan area density the trend reverses,
leading to a moderate enhancement of heat transfer.

To conclude, the innovative and versatile framework developed in this
thesis provides the basis for future investigations on urban climate flow
dynamics.
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Appendix A

Moist Raileigh-Benard
convection

During my PhD, I conducted additional research activities within the
framework of a Master’s thesis that I co-supervised. In this appendix, I
present the results of a study on moist Rayleigh—Bénard convection (Zadro,
2025).

A.1 Moist Rayleigh-Bénard convection

It is widely known that clouds play a fundamental role in the Earth’s
climate system, profoundly affecting both weather patterns and long-term
climate dynamics (Stephens, 2005). By modulating the radiative balance
and controlling vertical fluxes of heat, water vapour, and momentum, clouds
serve as key agents in Earth’s energy and hydrological cycles (Muller and
Abramian, 2023). However, due to their complex, multiscale, multiphase
nature and high sensitivity to initial and boundary conditions, their repre-
sentation in climate models remains a major source of uncertainty (Arakawa,
2004). These challenges require the use of idealized systems with the goal of
isolating the core physical processes involved in moist convection and cloud
formation. In this regard, the canonical model for buoyancy-driven turbu-
lence, the Rayleigh-Bénard convection setup (RBC), can be extended to
include moisture and latent heat release, becoming then the so called moist
Rayleigh-Bénard convection (MRBC) (Pauluis and Schumacher, 2010),(Wei-
dauer et al., 2010). This work, following Pauluis and Schumacher (2011),
investigates Moist turbulent Rayleigh—Bénard convection under condition-
ally unstable conditions by direct numerical simulations of an idealized set-
ting, where a piecewise linear thermodynamic model, following Bretherton’s
framework, is used for describe the buoyancy fields, represented through
two scalar fields, dry and moist buoyancy, with condensation that occurs
through a threshold condition (Bretherton, 1987).

Hereafter, RBC will denote the classical dry Rayleigh—-Bénard configuration,
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A.2. Governing equations of moist Rayleigh-Bénard convection

to distinguish it from the moist Rayleigh-Bénard case (MRBC).

A.2 Governing equations of moist
Rayleigh-Bénard convection

The simplified approach, introduced by Bretherthon, can be used to
study the challenging scenario of atmospheric buoyancy flow. By expressing
the thermodynamic properties of moist air as function of entropy, pressure
and total water content, the full set of governing equations are derived.
For brevity, only the final non dimensional form is reported here; the full
derivation can be found in (Zadro, 2025).
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Here u and p are respectively the velocty and the pressure field, § is the
Kronecker delta and D’ and M’ are deviation from the linear profile of the
dry buoyancy D and moist buoyancy M. B indicates the buoyancy term,
expressed as B = max[M,D — N2z] where N; is the moist Brunt-Viisild
frequency thus the angular frequency of a particle when subjected to verti-
cal displacement within a statically stable environment. In this formulation,
contrary to the RBC, there are two Rayleigh number: the dry Rayleigh num-
ber Rap and the moist Rayleigh number Raps, which quantify the driving
of the unsaturated and saturated fields D and M, respectively.

H3(Dy — Dp) H3 (Mg — Mp)
7Y AT RaM [ S
1 48 140

Rap = (A.2)
where H is the height of the vertical domain, the footnotes 0, H stands for
quantities evaluated at the domain bottom and at the top plate respectively.
As will be discussed in the following paragraphs, saturated regions, driven by
the moist buoyancy field, B = M, exhibit strong turbulent activity, whereas
dry buoyancy corrected by the background stratification, B = D — NSQZ,
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A.3. Numerical method and flow settings

0 M, D

Figure A.1: Vertical profile of moist buoyancy (red), dry buoyancy (blue)
and Brunt-Vaisala frequency (green) in the Kuo-Bretherton regime

which characterizes unsaturated areas, has a lower turbulent activity and do
not support cloud formation. In order to correctly set up the simulations,
it is also important to clarify the meaning of the conditionally unstable
regime, which is the case of interest for moist convection. This regime
occurs when the atmosphere is stable with respect to unsaturated parcels
and unstable with respect to saturated parcels, corresponding to Rap < 0
and Rajys > 0. Depending on the relative stability of the unsaturated and
saturated states, several unstable regimes can be identified, such as the
Kuo-Bretherton regime, the one considered in this study. In this regime,
the equilibrium state lies at the onset of saturation, i.e, M(z) = D(z) — N2z,
where (%) stands for mean quantities. This also means Ral8? = Ray, —
Rapy asillustrated in figure A.1, where Rapy is the Brunt-Vaisald Rayleigh
number, condition used to derive different conditionally unstable regimes
defined as:

NZ2H*
[Z4e%

Rapy = (A.3)

A.3 Numerical method and flow settings

Two direct numerical simulations were performed using CaNS (Costa,
2018). The original version of the code, based on the Boussinesq approxi-
mation, was modified in the computation of the buoyancy term and in the
Runge-Kutta time integration subroutine to consistently solve the mod-
ified set of equations A.ld. The two simulations differ only in the hor-
izontal spatial resolution, with grid sizes (ng,ny,n.) = (1024,1024,129)
and (2048,2048,129), respectively. In the following, only the results ob-
tained with the higher-resolution simulation are discussed. The domain
dimensions and the corresponding flow parameters are reported in tables
A.1 and A.2. Uniform grid spacing is adopted in the horizontal direc-
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A.4. Results

tions (z,y), whereas in the wall-normal direction z a hyperbolic tangent
stretching is applied to ensure enhanced resolution near the two plates,
where the largest gradients occur. With this choice, the resolution satis-
fies Mg max(2)/Az,y = 1.2 inside and 7y max(2)/Azy = 0.34 outside the cloud
regions. Along the wall-normal direction, 7 max(2)/Az(z) = 0.25 inside and
Nkmax(2)/Az(z) = 0.1 outside the cloud regions. The Kolmogorov scale is
computed as 1, = (Pr/Ray;)*%¢~1/%. The computational domain is char-
acterized by an aspect ratio AR = W/H = 64, which is sufficiently large to
ensure statistically steady and spatially well-developed moist convection.

Ly xLyxL, ‘ nr X ny X nz

64H x 64H x 1H ‘ 2048 x 2048 x 129

Table A.1: Parameters of the simulation. The domain dimensions express
as a function of the reference length, the heigth of the domain H

Pr‘ Rayr \ Rap \ Rapy \N2

s

0.7 \ 3.73 x 10° ‘ —1.24 x 10° ‘ 4.97 x 105 ‘ 4

Table A.2: Flow parameters

To simulate an infinite horizontal domain, for both velocity and scalars
fields periodic boundary conditions are applied at the lateral side walls,
while on the top and bottom plates, free-slip boundary conditions are set
for the velocity field and a Dirichlet boundary condition for scalars fields,
My = Dy = 0 while Dy = 1 and My = —3. Additional noise is applied
on both scalar fields to trigger transition. Velocity and scalar fields, after
an initial transient, are collected for a period of 7 = 115 times, the yellow
region in figure A.2, with a time interval of AT = 5.

A.4 Results

A.4.1 Flow topology

The structure and the statistical properties of MRBC are significantly
different from the classical RBC. In dry convection, the absence of moisture-
driven buoyancy effects typically results in simpler and more symmetric
convective thermal structures, the so called thermal plume, without the
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Figure A.2: Nusselt evolution in time

persistent localization and aggregation phenomena as for clouds surrounded
by unsaturated air, observed here.

Moving to the MRBC case, following the evolution of the Nusselt num-
ber, figure A.2 is it possible to observe different flow arrangement of the
moist buoyancy field, before reaching stationarity. At the beginning, due
to the noise imposed, when the Nusselt number is at his highest values,
the upper part of the domain display a cluster of moist structures which is
subsequentially followed by a reduction of the Nusselt number, and so the
convective activity, with the appearance of small isolated clouds, figure A.3
(a-b). After this stage, in which prevail dry buoyancy, some localized con-
vective activity produces in addition to an increase of the Nusselt number,
the formation of clearly defined cloud aggregates surrounded by unsatu-
rated regions. Omnce the system reaches stationarity, the mean buoyancy
profiles remain essentially unchanged and the moist buoyancy field exhibits
clear clouds pattern as shown in figure A.3(c-d). At equilibrium, moist
buoyancy becomes a relevant driving mechanism for convective activity, see
figure A.3(a), in the upper region of the domain, from z > 0.6 where clouds
may undergo also to self aggregating phenomena. This trend characterize
the conditionally unstable regime where convective structures, given also
by the boundary conditions applied at the top boundary, are encourage to
self-organize into larger and stable configurations.

The analysis of the followings quantities is done by exploiting also con-
ditional statistics, to differentiate between clouds region and dry region ex-
ploiting the diagnostic fields water content, CW = max(M — D + Ngz, 0).
In this framework dry regions will be characterised by a null water content
in contrast to cloudy areas with a positive water content.
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N

N
-3 -2 -1 0 1
Mean buoyancy

Moist Buoyancy field
-3.0 -25 -2 -1.5 -1 -0.5 0.0

-3 -2 -1 0 1
Mean buoyancy

Moist Buoyancy field
3.0 -25 -2 -1.5 -1 -0.5 0.0

— L ——

Figure A.3: Left column: (a) mean buoyancy profiles along the vertical
direction for 7 = 80 and c) for 7 = 300. Dry buoyancy D (blue), total buoy-
ancy B (dark green), moist buoyancy M (red), and dry buoyancy corrected
by the background stratification, D — N2z (light green); Right column: (b)
instantaneous horizontal slice of the moist buoyancy field taken at z = 0.9
for 7 =80 and (d) for 7 = 300.
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A.4. Results

A.4.2 Characterization of clouds

Figure A.4: Instantaneous 3D rendering of the cloud boundary, given by
M(x,t) — (D(x,t) — N22) =0

A better description of the flow topology also leads to a deeper analysis of
the main feature of MRBC, i.e. clouds, figure A.4. Considering the vertical
distribution of the plane averaged cloud fraction and liquid water content,
figure A.5(a—b), the lower part of the domain is characterised by vertically
elongated and relatively narrow structures, occupying only about 1.5% of
the horizontal plane. For z > 0.5, where most of the liquid water content
is concentrated, these structures progressively broaden and expand horizon-
tally, reaching a maximum coverage of approximately 23% of the horizontal
cross-section. This widening results from the combined effects of enhanced
buoyant ascent and increased lateral entrainment at higher levels. In ad-
dition to plane averages, conditional statistics are employed to separately
analyse moist and dry contributions, allowing for a clearer interpretation
and characterisation of saturated and unsaturated regions in the horizontal
(z—y) planes. The results shown in figures A.6(a—b) and A.7 further sup-
port and refine the cloud structure described above. In particular, figure
A.7(a) highlights the effective cloud shape: a narrow column originating at
the bottom plate, widening in the central region of the domain, and nar-
rowing again near the top boundary. The liquid water content within these
structures is primarily concentrated in the upper portion of the domain,
approximately within 0.75 < z < 0.95. As expected from their definition,
the contributions of both liquid water content, CW, and cloud fraction C'F’,
vanish in the dry region. Finally, to avoid misleading interpretation of figure
A.6, it should be noted that although C'F = 100% near the top boundary,
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this does not imply that the horizontal plane is entirely filled with clouds
due to the imposed boundary condition, (CW (H)) = 0, consistently with
the definition CW = max(M — D + N2z,0).
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Figure A.5: Meanvertical profiles of (a) water content and (b) cloud cover.
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Figure A.6: Conditioned profiles of (a) cloud fraction, CF, which is equal
to 1 when CW > 0, and (b) water content. Solid lines indicate conditional
statistics computed inside, dashed lines indicates conditional statistics com-
puted outside cloud regions

A.4.3 Statistical analysis

By extending the analysis to conditional statistics, it is possible to ex-
amine the distinct behaviour of the buoyancy fields figure A.8(a). The
mean buoyancy profiles in the cloud-free region (dashed lines) display an
approximately linear trend, consistent with a stably stratified environment.
This behaviour suppresses turbulent motions and maintains a relatively sta-
ble regime. In contrast, the profiles within cloudy regions (solid lines) are
clearly non-linear, reflecting the strong mixing processes induced by turbu-
lent moist convection. Moreover, the convergence of (M (z)) and (B(z)) for
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Figure A.7: Vertical variance profiles of (a) water content and (b) cloud
cover. Solid lines indicate conditional statistics computed inside, dashed
lines indicates conditional statistics computed outside cloud regions and red
lines stands for non conditional profiles
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Figure A.8: Mean plane profiles of (a) buoyancy (b) vertical velocity. Solid
lines indicate conditional statistics computed inside cloud regions while
dashed lines indicates conditional statistics computed outside cloud regions.

z 2 0.8, up to the top boundary, highlights the dominant role of buoyancy-
driven convection and its impact on cloud dynamics in the upper part of the
domain. The large-scale circulation within the domain is revealed by the
conditional statistics of the mean vertical velocity shown in figure A.8(b). A
simple plane average in the horizontal directions would yield (w) = 0 at all
heights. However, the conditional averages show a clear partition of motion:
moist air rises within cloud regions, with a global maximum of the mean
vertical velocity at z ~ 0.77, while compensating downward motion occurs
in the unsaturated environment, where (w). remains negative throughout
the domain. This separation of upward and downward motions reflects the
physically consistent coupling between buoyancy, moisture, and momentum
transport: moist convection drives upward mass flux within clouds, while
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the surrounding unsaturated air provides subsidence to ensure mass bal-
ance. Although not shown here, the probability density function (PDF) of
w exhibits a pronounced peak at negative values and a right-skewed tail,
indicating positive skewness. This confirms the presence of stronger upward
motions within clouds compared to the surrounding environment. In the
classical dry Rayleigh-Bénard case (RBC), the skewness of w would instead
be approximately zero, i.e. Sk(w) ~ 0.
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Figure A.9: Conditioned variances of (a) moist and dried buoyancy and (b)
the velocity field. Solid lines indicate conditional statistics computed inside,
dashed lines indicates conditional statistics computed outside cloud regions.

To further characterise the turbulent activity, it is necessary to examine
higher-order statistics, such as variances. Figure A.9(a-b) reports the con-
ditional variances of both buoyancy fields and velocity components. In the
unsaturated regions, the profiles are nearly zero, indicating that these areas
are only weakly active. In contrast, saturated regions exhibit significantly
enhanced fluctuations. In particular, figure A.9(a) shows that the variance
of the moist buoyancy field within cloud regions is several times larger than
in dry regions, highlighting the intense turbulent mixing occurring in sat-
urated areas. Regarding the velocity components, statistical homogeneity
and isotropy in the two horizontal directions imply that (u?) and (v?) fol-
low the same trend in both saturated and dry regions. Near the top plate,
these horizontal components attain higher values than the vertical one due to
the imposed boundary conditions. Conversely, (w'?) exhibits a pronounced
maximum around z ~ 0.75, corresponding to the region of enhanced verti-
cal motions associated with cloud broadening. Once again, considering the
RBC case, we can see how moist convection, alters the statistical structures
of the flow. In fact, even if the horizontal statistical homogeneity is retained,
the formation of localized cloudy areas, characterized by high turbulent ac-
tivity respect the surroundings, which in dry RBC would otherwise exhibit
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symmetric temperature and velocity structures.

A.4.4 Conclusion

This thesis investigate moist turbulent Rayleigh—Bénard convection un-
der conditionally unstable conditions by adopting a simplified set-up, using
Bretherton’s thermodynamic approach and the Boussinesq approximation.
The use of conditional statistics was fundamental to have insight on cloud
regions and unsaturated ones. One of the key phenomena detected was cloud
self-aggregation at higher altitudes, eventually merging into persistent large-
scale formations. This behaviour emphasised how moisture significantly
influences convective patterns, contrasting sharply with the more uniform
convection typically seen in RBC. Statistical analyses of the velocity and
scalar fields also consistently showed highly localized turbulence and strong
asymmetries, reinforcing the complexity moisture introduces into convective
flows. Future studies could explore regimes at higher moisture content and
Rayleigh numbers, investigate the effects of a variable Brunt—Viisala fre-
quency Ny, and incorporate more realistic thermodynamic formulations. It
would also be of interest to examine how moisture interacts with additional
environmental factors, such as wind shear or variable boundary conditions.
Furthermore, applying conditional statistics to the turbulent kinetic energy
budget could help clarify the pathways of energy transfer within saturated
regions. In this context, filtering the velocity field may provide insight into
whether cloud self-aggregation is predominantly driven by small-scale or
large-scale turbulent motions beside their role. Finally, the influence of
bottom-plate roughness distributions on cloud formation and organisation
could also be systematically investigated.
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Appendix B

Coanda effects in planar
plumes

During my PhD, I conducted additional research activities within the
framework of a Master’s thesis that I co-supervised. In this appendix, I
present the results of a study on the merging of two planar plumes (Speziali,
2024).

B.1 Introduction

Plumes belong to the class of buoyancy-driven free shear flows, in which
fluid motion is generated by density variations under the action of gravity.
These density variations may arise from thermal forcing or from the injec-
tion of a lighter fluid into a denser surrounding environment (Khan and Rao,
2023). Plumes are ubiquitous across a wide range of scales in both natural,
such as volcanic eruptions or avalanches, and man-made environment, e.g.
the vapour rising from smoke stacks. Depending on the condition at their
release, in particular on the ratio between buoyant and momentum flux,
plumes can be classified as “lazy”, “pure” or “forced”. In “lazy” plumes,
this ratio is lower than one, meaning that buoyancy dominates over initial
momentum, while for “forced” plumes is higher than unity. When buoy-
ancy and momentum fluxes are of comparable magnitude, so when their
ratio is equal to one, the plume is called “pure”. Jets are forced plumes
in case of no density difference between the surrounding environment and
the injected fluid. Based on the geometrical shape of the buoyant source,
plumes can by additionally subdivide as axisymmetric or planar. Axisym-
metric plumes originate from circular sources and have been extensively
investigated in the literature, both experimentally (Ezzamel et al., 2015;
Shabbir and George, 1994) and numerically (Bhaganagar and Bhimireddy,
2020; Devenish et al., 2010). Planar plumes, which arise from elongated or
horizontally distributed heat sources, have received comparatively less at-
tention Van den Bremer and Hunt (2014). The study of plumes is crucial
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B.2. Morton-Taylor-Turner model

in many different fields. In atmospheric and climate research, for instance,
plume dynamics influence pollutant dispersion, boundary-layer mixing, and
large-scale energy transport. A proper understanding of plume behaviour is
therefore essential for improving air-quality predictions and climate models.
The present thesis aims to investigate the physical mechanisms governing
planar plumes and their mutual interaction by means of Direct Numerical
Simulations. It is noteworthy to point out that our case, in contrast to the
majority of literature examples where plumes are free to develop in elon-
gated domain along the streamwise direction, we will deal with a confined
plume due to the imposed domain dimension.

B.2 Morton-Taylor-Turner model

The modelling of turbulent plumes can be divided into two main ap-
proaches: microscopic and macroscopic (Hunt and Van den Bremer, 2011).
The microscopic approach focuses on the numerical solution of the Navier—
Stokes equations and on the characterization of turbulent phenomenology
and entrainment, including the mixing processes and the spatial distribution
of key quantities such as turbulent kinetic energy across the plume. On the
other hand, the latter is based on the work of Morton et al. (1956), who
develop a simplified theoretical model for the study of plumes, hereinafter
referred as MTT (Morton-Taylor-Turner), valid whether or not Boussinesq
approximation is it considered. The assumptions on the basis of this model
are related to the rate of entrainment of the ambient fluid, the ratio between
the density of the two fluids considered thus plume and environment, and
the properties of the flow in the orthogonal direction to the plume. In this
context, the mass conservation equation combined with the momentum and
internal energy equation, B.1 are the starting points of the MTT model:

dp

% +V-(pu)=0 (B.1a)
A 4 v (o) = Vot e (B.1b)
a(a[f) + V- (peu) = —pV -u (B.1c)

where p is the fluid density, u the velocity vector, p the pressure field,
e the internal energy per unit volume and g the gravitational acceleration
vector. Considering a long thin and circular plume, doing time averaged
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profiles of cross-stream vertical velocity and buoyancy, it was noted that
when suitably scaled, the radial dependence of these quantities is indepen-
dent of height. This self similar behaviour, is exploited in order to define
the fluxes of mass G, volume QQ and momentum M as a function of the wall
normal coordinate by only considering the vertical velocity w(z), the plume
radius b(z) and 1 = p/p, the ratio of plume and ambient density.

G = nuwb* (B.2)
Q = wb? (B.3)
M = nuwb? (B.4)

Assuming that the flow considered is incompressible, integrating the sys-
tem (B.1) along a cross section and applying the Boussinesq approximation,
leads to:

61(77:;[)2) = 2bu, (B.5)
,w2 2
M) g1 (B.6)
d(wbz) B
S = 2bu, (B.7)

where u, is the horizontal entrainment velocity at the edge of the plume,
that must be parametrized in order to close the system:

aw Boussinesq
Ue =

aw,/n non Boussinesq

with « defined as entrainment coefficient. For the sake of brevity, the
theoretical derivation of the MTT model solutions for the different plumes,
is not reported here and can be found in Speziali (2024). It is important
to emphasize that one of the main strengths of this approach lies in its
flexibility: the governing equations can be readily extended to incorporate
additional physical processes, such as ambient stratification or chemical re-
actions, provided that the entrainment closure is appropriately formulated.

B.3 Numerical simulation and flow setup

The analysis of two turbulent natural convection flows generated by
heated planar sources, single and double, in a quiescent environment is pre-
sented below. Both simulations were performed using CaNS Costa (2018)

97
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with minor modifications to incorporate the present configurations. In par-
ticular, starting from the original version of the code with the Boussi-
nesq approximation, the subroutine responsible for imposing the thermal
boundary conditions was adapted to allow the generation of planar slots
at the bottom of the domain, with user-defined positions, dimensions, and
number of sources. All simulations were carry out for a Grashof number,
Gr = Ra/Pr = 2-107 and for a given Prandtl number Pr = 0.7. The domain
height was taken as the reference length, H = 1, and the width of the planar
slots was set to h = 2by = H/10, see figure B.1. The imposed temperature
difference within the domain is defined as A©® = Ospurce — Oump = 1, where
0ump denotes the ambient temperature prescribed throughout the domain,
except at the planar source(s), where the temperature is fixed at @source-
The relevant physical and geometrical parameters are summarized in tables
B.1 and B.2.

Pr‘ Gr ‘ v ‘A@
0.7 2107 | 7.07-104 | 1

Table B.1: Physical parameters of the simulation

LxxLnyz‘ nTr X Ny X nx ‘H‘ h
4H><4H><1H‘1024><1024><356‘ 1 ‘0.1

Table B.2: Computational domain and numerical resolution

A uniform spatial resolution is adopted along the two horizontal direc-
tions x and y, while a hyperbolic tangent stretching is used in the wall-
normal direction to achieve a finer resolution near the walls and accurately
capture the steepest gradients. With the Kolmogorov scale, n;, = (v%/e)'/*
computed a posteriori, the final resolution reads as follows ensuring an ad-
equate discretization: Mg maz(2)/A2(2)min ~ 3 along the wall normal di-
rection and 7y maz(2)/Az,y ~ 3 along the two horizontal directions. To
simulate an unlimited horizontal domain, periodic boundary conditions are
applied in the cross-flow and spanwise directions for both velocity and scalar
field. No-slip conditions are applied on the bottom wall, and free-slip condi-
tions on the top wall for the velocity field. On the other side, for the scalar
field at the bottom plate, the slots has the prescribed temperature difference
AO relative to the rest of the wall, which is maintained at a uniform tem-
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perature, the same as the top plate. To complete, a zero normal pressure
gradient is applied. Spatial discretization is based on a staggered second
order finite different scheme, while integration in time is performed using a
third order accurate Runge-Kutta method with a condition on a cfl = 0.95.
Both simulations were carried out for almost 550 characteristic times and no
disturb was applied to trigger transition. Once the statistically stationary
state is established, after the initial transient is washed out, velocity and
temperature fields have been collected in order to average among 50 non
correlated time samplings for both single and double plume.

r--—-—-- 7v—————fF - == rrvmrm -
Y NN
/ Fa 4 P
/ ’ e / st
7 7
;7 pr
H / rr L H / T L
ot A
/ ;o / YA
i A )
- - e
bU bC‘ bD

Figure B.1: Simulation domain configuration: (a) single plume (b) double
plume.

B.4 Results

This section presents the main results obtained for the single-plume and
double-plume configurations.

B.5 Single plume analysis

B.5.1 Flow pattern

Once a statistically stationary state is reached, the global flow struc-
ture is characterized by the development of a buoyant plume rising from the
heated slot located at the bottom plate. The plume boundary is identified
following the method proposed by Fannelgp and Weber (Fannelgp and Web-
ber, 2003), where the plume radius b is defined as the radial distance from
the plume axis at which (W) = (W.)e~!. Here, (W,) denotes the mean ver-
tical velocity evaluated along the slot centreline. The vertical evolution of
the plume radius, figure B.2), reveals the presence of a necking phenomenon
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in the vicinity of the source. This feature, commonly observed in both lazy
and pure plumes (Hunt and Van den Bremer, 2011), corresponds to the lo-
cation where the plume reaches its minimum cross-sectional area. In the
present case, this occurs just above the buoyant source at z/by = 0.43H,
where by is the half-width of the planar source.

0.0 T T T
—10 -5 0 ) 10

T/Qb()

Figure B.2: Plume radius evolution along the vertical direction. The x and
z coordinates are normalized by the slot length 2% by, two times the distance
between the plume edge and the plume axis at z = 0.
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Figure B.3: Vertical profiles of normalized mean temperature (a) and mean
vertical velocity along the centerline.

The footprint of the plume contraction is also evident in the mean ver-
tical velocity computed at the centreline, x = Lx/2, figure B.3(b). As can
be seen the flow immediately accelerates and reaches its highest value until
it starts to decelerates under the influence of the top plate, in the last part
of the domain height, when it diverges radially, due to the impose free-slip
boundary condition. In contrast, the mean temperature profile evaluated
along the centreline exhibits a different behaviour. The temperature attains
its maximum at the bottom plate and rapidly decreases within the region
0 < z/bg < 2.5. Beyond this height, it remains slightly positive throughout
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the domain until reaching the top boundary, where the condition # = 0 is
prescribed. For clarity, the subsequent analysis is divided into two regions:
the near field (0 < z/byp < 5) and the far field (5 < z/by < 20), in order
to better highlight the distinct trends and flow characteristics in these two
regimes.

B.5.2 Near field behaviour

Instantaneous slices of the temperature field taken in the x — z plane, and
zoomed at the source region can help to delineate the so called “near field
behaviour”, a laminar zone that extends from the source to the transitional
region, before becoming turbulent. Figure B.4 (a-d), show four successive
times of zoom extracts of length (lx,lz) = (0.3,0.25) and centred in the
middle of the domain. In particular all of them present a hot column of
fluid identified for z < 0.05H, with variable extension across the times. At
T = 19, figure B.4(a), the breakdown of the main column leads to enhanced
mixing with mushrooms shape plumes, departing from it. The same scenario
can also be observed in the following times, B.4 (b-c-d), where the swinging
motion of the plume is also noted with respect to its axis. Another common
feature observed in all instantaneous snapshots, is the presence of instabili-
ties located at the source. Considering figure B.5, is it possible to note pulffs,
vortical structures, which develop on the heated source on both side of the
plume axis, forming a thermal plumelet, called bulge that eventually entrain
and surrounds the central ascending column Hattori et al. (2013). However,
based on the selected time instants considered here, is not possible to clearly
identify puffs along the vertical axis.

B.5.3 Far field behaviour

Moving the attention to the upper region of the domain, and consid-
ering the radial profile of the mean vertical velocity computed at different
vertical coordinates z/by € [5,10,15] B.11, it is possible to also analyse the
behaviour outside the plume outline. As expected (W) has always a max-
imum in the core of the plume and decreases as it moves away from the
centreline. In particular, by rescaling each velocity profile using the maxi-
mum velocity (W (2)maz) and the spatial coordinate with b at the height of
the profile under consideration, it is possible note a self-similar behaviour,
due to the collapsing of the curves. This collapse indicates that, within this
flow region, quantities such as buoyancy and vertical velocity, when properly
normalized, exhibit a universal transverse distribution that is independent
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(b)

(d)

Figure B.4: Zoom in of the istantaneous temperature field, ©, near the
heated source region and its evolution over time: (a) 7 = 79, (b) 7 = 19+1,(c)
T =1+ 2 and (d) 7 = 790 + 3. Warm colours indicate high temperature,
whereas cold colours indicate low temperature.

of the vertical position. Farther from the source, however, negative velocity
peaks emerge, highlighting the presence of large-scale recirculation spanning
the entire domain.

B.5.4 Two-point correlation

To measure the dimensions of characteristics structures, we can use the
two-point correlations that for a fluctuating component of a generic flow
variable along the homogenous direction y, as in our case, is defined as:

O,y 2, 0)y(@,y +1y,2,1))
(v(x,y,2,1)?)

Figure B.7, reports the autocorrelations functions Ry, R, and R, taken

at * = Lx /2 and z = H/2 along the y direction. The autocorrelation of

temperature fluctuations, B.7(a) has a slightly negative peak for r, /b0 ~ 15.

R, = (B.8)
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Figure B.5: Particular of the temperature field at 7 = 79 + 4 with superim-
posed velocity vectors. Warm colours indicate high temperature, whereas
cold colours indicate low temperature.

R, the autocorrelation of the cross-flow fluctuations, exhibit a negative
peak located for r, = 40, at the middle of the domain with a decorrelation
length at 7,/by ~ 19. In contrast, the autocorrelation functions of the
streamwise flow structures R,,, shows no negative values indicating that
turbulent fluctuations of w are statistically not opposed in sign along the
homogeneous direction.

B.6 Double plume analysis

We now extend the analysis to the case of two planar plumes, positioned
symmetrically at a distance of from 2.5y the domain centreline. The statis-
tical results are presented following the same methodology adopted for the
single-plume configuration.

B.7 Flow pattern

Starting from the analysis of the mean quantities evaluated at the mid-
plane of the domain, figure B.12, several differences with respect to the
single-plume configuration can be observed. In the near-source region, the
variation in the mean temperature profile, figure B.12(a), is primarily due
to the lateral displacement of the two slots from the domain centre. The
peak occurring at z/by ~ 1.7 corresponds to the height at which the two
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Figure B.6: Mean vertical velocity profile at different height along the cross-
flow direction: (a) z/byp = 5, (b) z/by = 10,(c) z/byp = 15 and (d) normalized
vertical velocity profiles using the maximum velocity and the half-width of
the plume at the height of the considered profile. Black curve z/by = 5, red
z/byp = 10 and green for z/by = 15

plumes merge; above this location, their dynamics resemble those of a single
plume. Figure B.12(b) shows the mean vertical velocity profile, which dis-
plays a markedly different behaviour compared to the single-plume case. In
the near-source region, the velocity increases gradually, reaching a maximum
around z =~ 0.5H. Beyond this height, the flow begins to be influenced by
the presence of the top boundary, where the condition (W) = 0 is imposed
at z = H, leading to a progressive deceleration. Profiles of the mean ver-
tical velocity at different heights are presented in figure B.10. Close to the
source (z/bg = 1), a double positive peak can be observed, symmetrically
displaced with respect to the centreline, indicating that the two plumes have
not yet coalesced. In contrast, at higher elevations, figure B.10(b—d), the
double-peak structure is replaced by a single central maximum, reflecting the
merging process. After coalescence, the plume exhibits a tendency toward
self-similar behaviour, analogous to the single-plume case. This merging
process is also evident in the instantaneous temperature field (figure B.8),
where the two plumes are seen to progressively bend toward the domain
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Figure B.7: Two points correlation functions along y: (a) temperature 6 ,
(b) cross flow velocity u and (c) vertical velocity w

Figure B.8: Instantaneous temperature slice of the two plume simulations,
zoomed at the source region.

centreline until they coalesce as a result of mutual entrainment, associated
with the Coanda effect.
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Figure B.9: Vertical profiles of normalized mean temperature (a) and mean

vertical velocity along the centreline in double plume case
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Figure B.10: Mean vertical velocity profile at different height along the
cross-flow direction: (a) z/by =1, (b) z/bp = 5, (c) z/by = 10,(d) z/by = 15.

B.7.1 Two-point correlation

Figure B.12 shows the autocorrelation functions along the homogeneous
direction ¥, of temperature and velocity fluctuations for the two-plume con-
figuration, evaluated at the same streamwise and vertical locations as in the
single-plume case. Compared to the single-plume configuration, all three
autocorrelation functions exhibit more pronounced negative peaks. In par-
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Figure B.11: Normalized vertical velocity profiles using the maximum veloc-
ity and the half-width of the plume at the height of the considered profile.
Black curve z/by = 5, red z/by = 10 and green for z/by = 15

ticular, the autocorrelation of the vertical velocity fluctuations, figure B.12
(¢), which remained strictly positive in the single-plume case, now displays
a clear negative peak, with a trend similar to that observed for temperature
fluctuations. This behaviour indicates that plume interaction reduces the
lateral coherence of the vertical velocity field, leading to alternating upward
and downward motions along the homogeneous direction.
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Figure B.12: Two points correlation functions along y: (a) temperature 6 ,
(b) cross flow velocity v and (c¢) vertical velocity w
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B.8 Conclusion

In this thesis work, direct numerical simulations were employed to in-
vestigate and characterize first a single planar plume and subsequently the
interaction between two such plumes. The analysis of the single plume ini-
tially allowed the identification of the main features of a generic plume, by
distinguishing the region close to the source from the region farther down-
stream, commonly referred to as the far field. Phenomena such as necking,
characteristic of plumes originating from finite size sources, and puffing, cor-
responding to the periodic formation of vortical structures near the plume
axis, were observed. The subsequent analysis of two parallel heat sources
enabled a deeper understanding of the interaction process between plumes,
commonly known as the Coanda effect. The results show that the two flows
merge at a relatively short distance from the sources, while preserving char-
acteristic plume features already observed in the single plume configuration.
Overall, the numerical results are in good agreement with classical plume
theory Future studies, may deeper investigate the coalescence and entrain-
ment process by applying two points statistics and budget analysis, and by
extending the investigation to unconfined plumes configuration.
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