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Arrays of buildings with pitched roofs are common in urban and suburban areas of
European cities. Large-eddy simulations are performed to predict the boundary-layer
flows over flat and pitched-roof cuboids to gain a greater understanding of the impact
of pitched roofs on urban boundary layers. The simulation methodology is validated
for an array of flat roof cuboids. Further simulations show that changes in the type of
grid conformity have a negligible effect on the mean flow field and turbulent stresses,
while having a visible, but small, effect on the dispersive stresses for a given packing
density. Comparisons are made for flat and 45° pitched roof cuboid arrays at packing
densities of 16.7% and 33.3%. The interactions between pitched-roof buildings and
their effect on the urban boundary layer are considerably different to those of flat-roof
buildings. The pitched roofs at a packing density of 33.3% leads to significant changes
in the mean flow field, the Reynolds stresses, and the aerodynamic drag. Further work
investigates the effects of changes in turbulence level and atmospheric thermal
stratification in the approaching flow. Importantly, in comparison to a flat-roof array,
the pitched-roof one at a packing density of 33.3% evidently increases the friction
velocity and greatly reduces the effects of stable stratification conditions and changes

in inflow turbulence level.
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Past work has shown that coupling can exist for urban flows between street scale
(O(0.1 km)) and city scale (O(10 km)). Unfortunately, it is generally impractical at
present to develop high-fidelity urban simulations capable of capturing such effects.
This imposes a need to develop better parameterisations for meso-scale models but an
information gap exists in that past work has generally focused on simplified urban
geometries and generally assumed the buildings to be on flat ground. This study
aimed to begin to address this gap in a systematic way by using the large eddy
simulation method with synthetic turbulence inflow conditions to simulate
atmospheric air flows over the University of Southampton campus using
semi-realistic (i.e. flat terrain) and realistic geometries including significant local
terrain features. The LES data were processed to obtain averaged vertical profiles of
time-averaged velocities and second order turbulence statistics. The semi-realistic
geometry simulation was validated against high resolution particle image velocimetry
data. To address the uncertainty due to inflow turbulent intensity, the effects of
different levels of inflow turbulence were assessed. The realistic geometry simulations
conclusively showed that the inclusion of terrain can have a considerable effect on
global quantities, such as the depth of the spanwise-averaged internal boundary layer
and spatially-averaged turbulent kinetic energy (TKE). The terrain effects on local
time-mean velocity and TKE at the same above-ground-level height can be even more
significant. These findings demonstrate the crucial importance of local terrain features
(O(0.1km)), and can have significant impact on near-field dispersion and urban

micro-climate.
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Chapter 1

Introduction

Past research in urban atmospheric problems have shown that coupling may exist
between the boundary layer flow fields at City scale (O(10 km)), neighborhood scale
(O(1 km)), and street scale (O(0.1 km)) (Barlow et al., 2017a; Fernando, 2010). This
spatial coupling effect is particularly strong around urban forms such as groups of tall
buildings (Han et al., 2017; Fuka et al., 2018; Hertwig et al., 2019), or around steep
topographic changes. Little research has been carried out combining the effects of real
complex urban areas and terrain effects. This study aims to take some steps to rectify
this. To understand the importance of coupling effects we require a mapping between
urban forms and flow field characteristics, such as mean velocity, turbulent statistics,

momentum and heat fluxes.

Current research of idealised urban areas is very much focused on arrays of flat roof
cubes and cuboids (Castro et al., 2017; Sessa et al., 2018; Marucci et al., 2018). This has
led to significant insight into the interactions between buildings and has been used to
inform current mesoscale models (Dudhia, 2014), such as the UK’s Unified Model
(Golding, 1987). As models increase in complexity and increased computational
power becomes available, studies of idealised arrays should also complexity. Research
on the effects of roof shapes within arrays of buildings has been neglected, with few
published works (Holmes, 1994; Rafailidis, 1997). As suburban areas are littered with
houses possessing "pitched” roofs, the effect they have on the mean flow and
turbulence statistics should not be ignored and can be used to assess the accuracy of
current models for use in suburban areas. Acquiring such data for the varied range of
geometries encountered in urban areas challenges both numerical and experimental

simulations in many aspects.
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1.1 Aims

This study has attempted to fill knowledge gaps and demonstrate capability in two
key areas. The first of which is the effect of building roof shape, flat vs pitched roofs
within the urban boundary layer. The second of which is to apply the methodologies
developed in previous studies on idealised arrays to a real urban area case, to simulate
flows around complex buildings in an area with significant changes in terrain (O(h))
in neutral and slightly thermally stable conditions, where h is the average building
height.

1.1.1 Pitched roof buildings

This study aims to address three knowledge gaps with respect to roof shapes in urban

areas:

1) How the urban boundary layer is affected by an array of buildings with pitched
roofs?

2) How does the effect of pitched roofs vary with the array’s packing density?

3) How the effect of pitched, rather than flat, roofs changes as the conditions vary from
neutral to stable thermal stratification?

1.1.2 Real urban morphology and topology

This study aimed to bridge the knowledge gap by using the large eddy simulation
method with synthetic turbulence inflow conditions to simulate atmospheric air flows
over the University of Southampton campus. Semi-realistic (i.e. flat terrain) and
realistic geometries, including significant local terrain features were compared to

quantify the effects of terrain.

1) In order to capture appropriate details of the flow within the urban canopy, suitable
inflow conditions are required. Are the flow quantities within and above the urban

canopy sensitive to inflow turbulence intensities?
2) Small topographic features (compared to those present in mesoscale simulations)
are present in many urban areas. The question is, what are the critical - small

(O(0.01km)) to large (O(1km)) - topographical features which must be resolved?

3) To my knowledge, published work has considered only stratified flows over flat
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terrain. Therefore, it is of crucial importance to quantify the stratification effect on

urban flow over street-scale terrains (small topographic features).



4 Chapter 1. Introduction

1.2 OQOutline

This study first addresses how pitched roofs affect the local flow and coupling with
the higher levels of the Boundary Layer (BL) compared to flat roofs. This has been
examined through modelling three-dimensional arrays of blocks with either flat or
pitched roofs. The aerodynamics are simulated using the well-developed large-eddy
simulation (LES) method. Rigorous evaluation tests, e.g. mesh sensitivity, are carried

out to ensure reliable results.

The effect terrain has on the flow is then assessed using LES of a real urban area with
complex geometry, the University of Southampton’s Highfield campus. The same
buildings with the actual terrain elevation and with a flat ground plane. The case with
a flat ground plane is simulated numerically and experimentally in a water tunnel
using Particle Image Velocimetry (PIV). This can provide confidence in results that
would otherwise be absent. Sensitivity tests on the inflow turbulence level have also
been carried out to address the issue that the inflow turbulence quantities are not
easily obtained from observations, theoretical estimation, or downscaling from the
mesoscale models. The effects of weakly stable thermal stratification were assessed for
both flat and real terrain cases.

Section 2.1 presents details of the numerical methods. Section 2.3.1 describes the cases
and simulation settings. Section 3.1.1 details the verification and validation of the
Computational Fluid Dynamics (CFD) model. Section 3.1.2 examines the effect of
using conformal and non-conformal meshes, Section 3.2 presents a comparison
between arrays of building blocks with and without pitched roofs, which includes
spatially-averaged velocities, Reynolds stresses and surface pressures. Section 3.2.2
reports the effect of packing density in neutral stratification. Section 3.3 raises a
discussion associated to the Eurocode on pitched roofs. Section 3.4.1 reports the
stratification effects on flow over pitched-roof buildings. Section 5.1 summarises the

conclusions from the research undertaken.
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1.3 Review

1.3.1 Atmospheric Boundary Layer

The atmosphere can be up to 100km thick (Stull, 1988). Occupying the first 10km from
the ground is the troposphere. The troposphere consists of the atmospheric boundary
layer (ABL) and the free atmosphere (Stull, 1988). The ABL extends up to (O(1km))
from the earth’s surface.

The ABL is the region of the troposphere that is directly affected by the earth’s surface,
the region or layer which “responds to surface forcings with a timescale of about an
hour or less.” (Stull, 1988). Forcings can include friction drag due to the effect of the
surface on the fluid, heat transfer from the surface and changes in the flow direction
due to changes in the underlying terrain. The ABL can vary greatly in height, from a
few hundred meters to more than one kilometer. This depends on the time of day, the
season and the weather. It has been shown that the height of the ABL is strongly
associated to the temperature of the underlying surface and mean wind speed
(Georgoulias et al., 2009).

1.3.2 Urban Boundary Layer

The Urban Boundary Layer (UBL) consists of several layers which possess unique
characteristics. Therefore, when considering the different layers of the UBL, it is best

to use a schematic to show the idealised structure of these layers, as in Fig. 1.1.

Urban Boundary Layer (UBL)

_

- === Urban Canopy Layer (UCL)
%—‘ T _I Average Building Height (h)
FIGURE 1.1: A schematic for the different heights of different layers within the Urban
Boundary Layer above large urban roughness
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The UBL develops as the wind passes from rural to urban areas. Each layer within the
UBL can be characterised. The UBL consists of, from the ground, the Urban Canopy
Layer (UCL), the Roughness Sublayer (RSL) and the Inertial Sublayer (ISL). Above
which is either a mixed layer during daytime hours or a residual layer.

The UCL extends from the ground up to the average building height for buildings
with non-uniform vertical extents or canopy height for arrays of buildings with
uniform height. It is characterised by substantial heterogeneity in the flow field and
sensitivity to changes in local morphology and or topography. The surrounding
buildings and topology directly affect flow quantities within this layer.

The RSL, which includes the UCL is the layer within which the underlying roughness
statically and dynamically influences the flow. It envelops all roughness elements and
has been shown to have a depth of between two and five building heights (Pelliccioni
et al., 2016). The effects of individual buildings can still be ‘seen” within this layer.
Increasing in height where the influence of the individual roughness elements is
‘mixed up’ by the turbulence (Raupach et al., 1991).

Above the height of the RSL exists the ISL, sometimes referred to as the constant-flux
layer. Within the ISL, the flow can be considered spatially homogeneous if the region
does not vary greatly in density, height and distribution of the roughness elements.
The mean velocity profile within the ISL is characterised by a logarithmic profile,
(Britter and Hanna, 2003):

u, = “in <Z - do) ) (1.1)

K Z0

where, U, = mean velocity at height z, u, is friction velocity, x is the von Karman
constant, dy is the displacement height and z is the roughness length. The
displacement height, also called zero-plane displacement, is the height at which zero
mean wind velocity occurs if the logarithmic wind profile is continued down to zero
velocity due to the surface (i.e. buildings and or vegetation). Jackson (1981) equates
this physically to the level that would be attained by flattening the roughness to a flat
plane. The roughness length, z, characterises the roughness of the underlying urban

surface. The typical values for different surfaces are shown in Table 1.1.
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TABLE 1.1: Roughness classification and zp according to Stull (1988)

Z0 Classification Cp Landscape
(m)
0.0002 sea 0.0014 sea, paved areas, snow covered flat

plain, tide flat, smooth desert

0.005 smooth 0.0028 beaches, pack ice, morass, snow-

covered fields

0.03 open 0.0047 grass prairie or farm field, tundra,
airports, heather

0.1 roughly 0.0075 cultivated area with low crops &

open occasional obstacles (single bushes)

0.25  rough 0.012  high crops, crops of varied height,

scattered obstacles such as tress or
hedgerows, vineyards

0.5 very rough  0.018 mixed farm fields and forest
clumps, orchards, scattered build-

ings

1.0 closed 0.030 regular coverage with large-sized
obstacles with open spaces roughly
equal to obstacle heights, suburban

houses, villages, mature forests

>2 chaotic > centers of large towns and cities, ir-
0.062  regular forests with scattered clear-

ing

With respect to the urban surface, the roughness can be categorised by the packing
density of the roughness elements (buildings) and the relative height of the urban
canopy. One method of categorisation is the plan area density, A,. This is the plan
view percentage of the area of the buildings (Barlow and Coceal, 2008), given in Eq.
1.2. This is referred to as packing density and consists of the plan area of the buildings

Ayp and the total plan area of repeating unit of region of interest, Ar,

Ay
Ap = —. 1.2
)= A (12)
Another method of quantifying the building spacing density is using the frontal area
density, Ar. Here, Ar is the cross-sectional area of all buildings normal to the incoming

flow direction,

Ap=2F, (1.3)
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The frontal area density has the added benefit of taking into the wind direction, where
A, does not. Another factor that is important in the classification of urban roughness
is the aspect ratio, 1;/ Wy, where Wy is the downstream extent of the street canyon, H;
is the building height, see Fig. 1.2. The buildings can also be different heights as
denoted in Fig. 1.2. Aspect ratio is of particular importance for flows in and over
street canyons (Barlow et al., 2004; Harman et al., 2004). Wind incidence to the street
canyon has great importance on the flow within the canyon (Soulhac et al., 2008).
Building aspect ratio, typically given as Ly /h, will also considerably affect the flow
pattern locally (Oke, 1988).

hy

v

W

FIGURE 1.2: Definition of quantities of building height, k;, building length, L, and
canyon fetch W, for aspect ratios of street canyons and buildings

Flows within street canyons themselves can be categorised by the behaviour of their
mean flow pattern within the canopy as a function of the street canyon morphology
given above. Oke (2002) describes the three different flow patterns or regimes. Fig. 1.3
shows the three flow regimes. The presence of a thin shear layer at the canopy top,
and a recirculation zone within the street canyon categorises the skimming flow. The
wake interference regime has a bifurcation in the flow at the windward side of the
building, with a reticulation zone upstream. The isolated roughness flow, has similar
recirculation zones to that of a single wall mounted roughness element, e.g. flow
around a wall mounted cube (Yakhot et al., 2006) across a centre span, streamwise-

wall-normal-plane.

Skimming flow exists for aspect ratios of less than h/W, > 1, wake interference flow
which exists for h/ Wy ~ 0.5 and individual roughness flow for aspect ratios of

h/ Wy < 0.3 (Oke, 1988). Flow regimes are also categorised by packing density
(Grimmond and Oke, 1999), A,. Skimming flow occurs when Ap > 0.3. The wake
interference (W.1.) regime occurs for 0.15 5 W.I. 5 0.33. These definitions shown are

for flat roofed buildings.
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Skimming flow

Isolated roughness

Wake interference

- - o

.

\

P —
i BN BN O SNn ®

FIGURE 1.3: Definitions of flow regimes that are associated with different urban street
canyon aspect ratios, based on that shown by Oke (1988)

1.3.3 Urban Internal Boundary layer

Urban surfaces are typically heterogeneous in their surface roughness distribution,
i.e., differently shaped buildings with different maximum heights (Xie and Castro,
2009; Barlow et al., 2017b). Urban areas also consist of regions with different but
consistent surface roughness, for example, a large park surrounded by suburban
housing or suburban housing which may surround housing estates with tower blocks.
There exists a transition region downstream of the roughness change, called the
internal boundary layer (IBL). This is visualised in Fig. 1.4. This change in roughness
can be quantified as a ratio of the upstream to downstream roughness lengths, zo; / zo2
(Smits and Wood, 1985).

Boundary U _ 1
layer U, « In(z/20)

1)
0 Internal

layer b

;—;x

FIGURE 1.4: A schematic demonstrating the effect of a change in roughness and the
growth of the internal boundary layer

The IBL develops (grows vertically) downstream (Smits and Wood, 1985; Antonia and
Luxton, 1971b; Kaimal and Finnigan, 1994; Plate, 1995; Sessa et al., 2018). Above the
IBL, the turbulence and flow field characteristics are consistent with the upstream
roughness (Garratt, 1990). The IBL, also called the equilibrium layer has turbulence
and flow field characteristics consistent with the underlying surface roughness. There
exists a transition region or interface between the IBL and BL above. Quantifying the
height of this interface and, as such, the height of the IBL has been an ongoing topic.
Antonia and Luxton (1971a) developed a method of quantifying the IBL depth using
normalised velocity profiles, noting that the velocity profiles follow half-power
relationships of U = z!/2 with differing slopes. The knee point lies just within the IBL,
making it worthwhile to describe the IBL thickness, as seen in Fig. 1.5. Antonia and
Luxton (1971a) notes that downstream, the ’knee’ point moves further away from the
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surface and becomes less clearly defined. The IBL growth was shown to be similar to
that of a smooth wall turbulent boundary layer, (Wood, 1981, 1982) and is shown in
Eq. 14.

‘ 0.8
&M:028<x> ) (1.4)
Zor Zor

where J;; is the IBL depth, x is the downstream distance. z, is the larger of the two
roughness lengths, zg; and zp. This was shown by Elliott (1958) to be valid only for
x/zor > 1000, and notes that for greater distance from the roughness step change, the
exponent will be smaller and the coefficient will be greater.

ELEMENT N°¢ 8

204

*KNEE POINT

15

U
(F1/sEC) -
101

T

Y 0-4 o'g 12 6

k)

FIGURE 1.5: The ’knee’ point which marks the interface between the IBL and BL (An-
tonia and Luxton, 1971a)

The second method developed by Efros and Krogstad (2011) for quantifying the IBL
depth uses vertical profiles in common with Antonia and Luxton (1971a). Instead of
using the mean velocity profile, the normalised streamwise Reynolds stress
component is used, w1’ . The knee point is then used to quantify the vertical extent,
h, of the IBL. The third method, suggested by Sessa et al. (2018) again uses vertical
profiles but substitutes the streamwise Reynolds stress for the vertical Reynolds
normal stress component, ww'" . Foran array of 3-dimensional cuboids, with packing
density A, = 1/3 and a building aspect ratio of L, /h = 1 the IBL growth using the
method of Sessa et al. (2018) is given as

‘ 021
@ =12.71 <X) . (1.5)
Zor Zor
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This confirms the suggestions of Elliott (1958) in the changes of the exponent and
coefficient, where the distance downstream here is X /zp, < 300. Sessa et al. (2018)
gives the IBL growth for simplified cuboids with uniform plan area packing density
across the height of the canopy. The above coefficient in eq. 1.5 calculated by Sessa

et al. (2018) is similar to that obtained by Cheng and Castro (2002), 12.71 and 10.56
respectively. The exponent generated by Cheng and Castro (2002) was 0.33. Sessa et al.
(2018) cites the difference in roughness being examined as the reason for the difference
in coefficient and exponent. It should be noted, Cheng and Castro (2002) investigated
2-dimensional rib-type roughness, compared to the 3-dimensional cuboid array of
Sessa et al. (2018).

The method of Sessa et al. (2018) will be applied to that of the pitched roof cuboids,
which is of particular importance in suburban regions in which the vast majority of
buildings have pitched roofs, i.e. residential housing (Department for Communities
and Local Government, 2008).

1.3.4 Stratification

Up to now, the discussion of urban boundary layers has been concerned with purely
neutral conditions, i.e. no density gradient across the boundary layer (Stull, 1988).
Stratification is caused by changes in density, which is dependent on temperature,
humidity and pressure (Stull, 1988). There are three situations in which the UBL can
reside. Neutral (NBL), stable (SBL) and convective or unstable (CBL). Stable
stratification occurs when the highest density is closest to the ground, with density
decreasing as height increases. Convective or unstable conditions occur when the

density closest to the ground is lower than above.

Here the concept of virtual potential temperature is introduced. The definition of
potential temperature is the temperature of an air parcel adiabatically displaced to a

height where the pressure is 1 bar. The potential temperature is defined as:

B PO R/Cp
@=T <P> , (1.6)

where O is the potential temperature, T is absolute temperature, P is pressure, R is the
gas constant and ¢, is the specific heat capacity of the fluid at constant pressure.
Within the low ABL, the potential temperature is the same as the absolute temperature
T.

In order to categorise the strength of the stratification, it is helpful to examine the
turbulent kinetic energy budget within the urban boundary layer, Stull (1988) gives
the following.
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The important terms are as follows. The second term on the Lh.s. describes the
advection of kinetic energy, k, due to the mean velocity, U] Where the kinetic energy is
defined as k = 3 (uTZ + uTZ + qu) The second term on the r.h.s. describes the
transport of kinetic energy due to turbulent velocity fluctuations, 1/ and u!. The fourth

]

term on the r.h.s. describes the shear production due to the Reynolds shear stress, ugu},

associated with the mean velocity gradient, %- This is the mechanical production
component and is nearly always positive. The second to last term on the right
describes the buoyant production or consumption of the kinetic energy due to
differences in density, ©/,, which is caused by temperature differences. It is dependent
on the sign of the heat flux, W, as to whether it contributes to production or

consumption.

It is possible to quantify the ratio of buoyant production and mechanical production
of turbulent kinetic energy using the flux Richardson number, which takes terms 8

and 6 from Eq. 1.7. Following Stull (1988), if horizontal homogeneity is assumed and
subsidence is neglected, then a more common form of the flux Richardson number is

produced,

Rif =21, (1.8)

It is expected that when Rif < +1 the flow is turbulent (dynamically unstable); if
Rif > +1, the flow becomes laminar (dynamically stable). When Rif < 0, the
buoyancy contributes to turbulence generation. However, the limitation here is that
the flux Richardson number can only highlight when the flow will become laminar
and not when the flow will become turbulent. This is due to the equation containing
turbulent correlations, Wu;{ Assuming —Wu,’( is proportional to the lapse rate,
00, /09x, and that Tu;( is proportional to dUy /dx. This gives a new ratio which is
known as the gradient Richardson number, Ri,,

0, 9% . (1.9)
2

The gradient Richardson number is useful as it can describe when a turbulent flow
will become laminar and determine if a laminar flow will become turbulent. When
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Rig > Rt turbulent flow becomes laminar, and when Rig < R, laminar flow becomes
turbulent. R. is the critical Richardson number, which can be approximated to

R. = 0.25. The Richardson termination, Rt = 1, describes the point at which
turbulence is terminated. In real cases, meteorologists rarely know actual local
gradients but can approximate them using observations made at discrete heights.
Through approximating a®_§,8u§c with A®, /Axy and 9Uy /dx; with AU;/Axy, gives a
new ratio called the bulk Richardson number, Rij,

Rip = §A0.Ax :
o, |(aw”) (aT7)|

Where Axy, is the characteristic length-scale. Due to its simplicity, the bulk Richardson

(1.10)

number is the most commonly used. For stable stratification within the boundary
layer, the bulk Richardson number is always positive and negative for convective
boundary layers. The bulk Richardson number is a useful simplified quantification of
the strength of stratification and clarifies clearly, the effect it has on the turbulence.
Where stable-stratified flows are concerned, it will lead to low turbulence kinetic
energy, and the opposite is true for convective boundary layers by increasing
production in TKE.

1.3.5 Simplified arrays of buildings

FIGURE 1.6: Pitched roof geometry for cases with synthetically generated inlet turbu-
lence
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Most of the published experimental and numerical studies on idealized buildings (e.g.
Cheng and Castro, 2002; Stoesser et al., 2003; Coceal et al., 2006; Xie and Castro, 2006)
have focused on arrays of cuboid blocks with flat roofs, which are placed in an aligned
or staggered arrangement with uniform or non-uniform heights. These studies are
most relevant to urban flows over city centres, where most buildings are likely to have
flat roofs. However, most of the residential houses have pitched roofs in the
surrounding urban and suburban areas of European cities. It is, therefore, of great
interest to assess the effect of having pitched, rather than flat roofs, on both the local
flow field and large-scale boundary layer flow. For example, in 2008 it was recorded
that 93% of the dwellings in England had pitched roofs (Department for Communities
and Local Government, 2008). It is therefore of great interest to assess the effect of
having pitched, rather than flat roofs, on the local flow field and large-scale

boundary-layer flow.

There are a small number of published papers (Rafailidis and Schatzmann, 1996;
Rafailidis, 1997; Barlow et al., 2004; Yassin, 2011; Ferrari et al., 2016; Nosek et al., 2016,
2017; Llaguno-Munitxa et al., 2017; Badas et al., 2017; Woodward et al., 2021) in which
different roof shapes and their effect on the flow field has been investigated. Most of
these studies (Barlow et al., 2004; Yassin, 2011) have investigated two-dimensional
street canyons with various roof shapes. This neglects the mean convection that is
present within a three-dimensional urban canopy. Something that has been accounted
for with arrays of flat roof cuboids, but the effect of the pitched roof in
three-dimensional arrays for fully developed flows and flows with roughness step

changes is unknown.

A few studies (Holmes, 1994; Tominaga et al., 2015; Ozmen et al., 2016; Fouad et al.,
2018; Woodward et al., 2021) have also examined a single isolated building with a
pitched roof and these have provided an understanding of the mean surface pressure
(Ginger and Letchford, 1995; Oliveira and Younis, 2000; Tominaga et al., 2015) which

has supported the development of building regulation codes.

Rafailidis (1997) demonstrated a velocity deficit just above the canopy for an array of
two-dimensional “slanted” roof buildings compared to flat roofs. They found that the
pitched roof also increases the vertical turbulent momentum flux at the roof height as
shown in Fig. 1.7. Rafailidis (1997) suggests the two significant quantities here are: 1)
horizontal advection by the mean wind and 2) the vertical momentum flux. The
vertical turbulence intensity was shown to be larger than the mean vertical velocity at
and just above the canopy height.
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FIGURE 1.7: Mean streamwise velocity profiles for slanted and flat roofs (left) and
normalised vertical turbulent momentum flux (right), Rafailidis (1997)

Rafailidis (1997) also showed that above 2 — 3, the vertical profiles shown in Fig. 1.7
collapse, suggesting that it is only the lowest portion of the UBL that is directly
affected by the building shape. Above 2 — 3k, they have shown that the downstream
distance between subsequent rows of buildings, effectively packing density, causes the
difference between the vertical profiles. The vertical momentum transfer caused by
the free shear layer from the apex of each pitched roof roughness element causes a
more significant velocity deficit across the long street locations. Rafailidis (1997) did
not produce data within the canopy, so this cannot be commented upon. For
three-dimensional roughness, the recirculation velocity will decrease somewhat
compared to two-dimensional roughness. The effect of the pitched roof on the mean
flow and turbulent statistics within the canopy for a fully developed flow remains

unknown.

Tominaga et al. (2015) investigated the flow field and surface pressure on an isolated
building for one aspect ratio and three roof pitch angles using PIV and CFD. They
found large differences in the flow fields produced by the smaller and larger pitch
angles, and suggested that a critical angle existed around the pitch angle 20°. Holmes
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(1994) found that a 30° pitched roof on a single tropical house considerably affected
the mean roof pressures. He found that the mean pressure coefficient on the upwind
half of the roof was all positive, while on the leeward side, the flow did not re-attach
on the roof, resulting in a near-uniform surface pressure. On the other hand, Reardon
and Holmes (1981) found that roof pitches up to 10° in winds normal to the ridge
yielded a small separation bubble at the leading edge with high shear-layer
curvatures, which were associated with high suction pressure, and rapid pressure
recovery downwind to the flow reattachment position. They suggest that roof pitches
up to 10° with the wind normal to the ridge be called “aerodynamically flat”. These
results suggest that modest changes in the angle of pitched roofs may strongly affect
the flow field around the building and building surface pressures.

Fouad et al. (2018) investigated isolated pitched-roof buildings to explore the potential
for obtaining useful design data using CFD methods by comparing their results to the
Eurocode (Comm:., 2005) and ASCE 7-10 (of Civil Engineers, 2013) standards. They

concluded, “the application of CFD techniques show great potential to offer very good

wind design data for structures with shapes not listed in the existing codes.”

While building regulations are based on considering a single isolated building, it is
probable that the flow within the canopy of an array of pitched roof buildings will be
considerably different to that around an isolated building, with consequent effects on
the surface pressure distribution. However, published studies on the effect of
interference between buildings have typically only focused on two buildings (e.g.
Bailey and Vincent, 1943; Holmes, 2007).

Bailey and Vincent (1943) suggested that having a maximum of two buildings
upstream of the instrumented model was sufficient to represent built-up areas.
Holmes (2007) concluded that the building spacing was a key parameter and the
number of shielding rows was of lesser importance. It is now well established that
two building rows upstream of the measurement location are insufficient for a
simulation of a fully-developed internal boundary layer (IBL) over a very large array
(e.g. Hanna et al., 2002; Xie and Castro, 2008; Sessa et al., 2018). For arrays of building
blocks placed in a fully developed turbulent boundary layer in the scenarios typically
studied (e.g. low-rise buildings and small roughness length upstream of the array), it
requires a fetch length of about ten average building heights (e.g. Hanna et al., 2002;
Xie and Castro, 2008). The required fetch length is much greater for arrays of
buildings placed in a smooth laminar boundary layer. It is to be noted that while
generating near equilibrium and fully developed urban boundary layer flows is
necessary for reducing the uncertainty of the research data, such conditions are not

generally established in real urban atmospheric airflows.

More recently Garau et al. (2018) studied the effect of downstream spacing (street
canyon aspect ratio) of two-dimensional flat and pitched roof buildings using PIV.
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They show that the pitched roof causes the wake interference flow regime to be
present for smaller aspect ratios than for the flat roof building but determine this effect
is a result of the height difference between their flat and pitched roof buildings. They
also note that for high packing density, the vertical momentum flux is increased by the
pitched roof buildings. Due to the mean convection present within three-dimensional
arrays, it remains to be seen how these results will compare to an array of
three-dimensional pitched roof buildings.

Two parameters frequently used to characterise the morphology of urban areas are the
frontal and plan solidities (e.g. Placidi and Ganapathisubramani, 2015). The latter is
more often termed the ‘packing density” A,. The effect of packing density in arrays of
simplified buildings with flat roofs has been intensively studied (e.g. Cheng et al.,
2007; Placidi and Ganapathisubramani, 2015, 2018), and it has been shown that their
total drag coefficient based on the freestream velocity is a function of the packing
density. The drag coefficient function has minima at A, = 0 or 100% and a maximum
in the lower half of the packing density range. Cheng et al. (2007) showed that the
maximum drag coefficient was closer to A, = 6.25% than 25% for aligned arrays of
cubes.

Characterising flat roof buildings is relatively straightforward, especially for simple
cuboids. For pitched roof buildings, the frontal area density remains the same as that
for flat roof cuboid roughness elements assuming the same overall canopy height. In
contrast, the cross-sectional plan area changes with height within the canopy above
the building’s side face-roof face transition height. Fig. 1.8 shows this effect
graphically. Above C, the cross-sectional area for pitched roof buildings goes linearly
to zero as a function of the pitch angle. D denotes the half roof height; at this height,
the packing density would be 50% assuming a 45° pitch angle. Whereas for the flat
roof building, the packing density remains constant across its entire vertical extent.



18 Chapter 1. Introduction

"X

> 0O O
|
!
|
|
|
|
!
|
!

FIGURE 1.8: A) eaves half height, B) canopy half height, C) eaves height, D) roof
half height and E) canopy maximum height. 6° denotes the pitch angle definition
in degrees.

There is a need to understand whether the drag coefficient function shows similar or
different behaviour for arrays of blocks with pitched roofs. Although it must be noted
that the frontal solidity and packing density provide adequate descriptions of arrays
for developing parameterisations for the effects of flat roofed buildings in mesoscale
models, at least one additional parameter is required to differentiate between arrays
with different roof geometries.

Further, the effect of the roof gives rise to the question of parameterisation for the
characterisation of the flow regime. Fig. 1.3 shows definitions of each flow regime,
and section1.3.2 discusses characterisation based on flat roof building dimensions.

1.3.6 Effect of stratification

The effect of stratification has yet to be investigated with buildings with pitched roofs,
particularly regarding arrays of buildings. Very few experimental studies have
investigated the effects of stratification over rough and urban-like surfaces (e.g. Ohya,
2001; Marucci et al., 2018). Few studies using numerical methods have investigated
stratified flow over urban-like surfaces (e.g. Xie et al., 2013; Boppana et al., 2014;
Tomas et al., 2016; Sessa et al., 2020). Weak SBLs tend to decrease the depth of the IBL.
Tomas et al. (2016) showed a decrease of 14% in the IBL depth compared to a NBL.
The bulk Richardson number for the SBL was 0.147 and the tke was reduced by 21%
for the SBL compared to the NBL. Sessa et al. (2020) showed the IBL depth for a range
of bulk Richardson numbers, from 0.21 up to 1, with consistent inflow conditions. The
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depth of the IBL was shown to vary up to 30%, shown in Fig. 1.9. This shows the
considerable effect of even weakly stably stratified stable boundary layers.
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FIGURE 1.9: IBL depth for various strengths of stratification from Sessa et al. (2020)

1.3.6.1 Research Needs

The existing body of literature shows a clear need to investigate the effect of pitched
roofs in building arrays at different frontal solidities, packing densities and aspect
ratios with fetches sufficient to develop realistic urban boundary layers; to
demonstrate improved methods for predicting the airflow and dispersion at
neighbourhood scales; and to obtain spatially averaged momentum and scalar flux
data which may be used to develop parameterisations for mesoscale models.

In addition to the above, there is the question of thermal stratification effects in urban
areas. This attracted little attention until recently (Sessa et al., 2018). The studies
published since then have focused on arrays of idealised cuboid-shape buildings (e.g.
Boppana et al., 2014; Kanda and Yamao, 2016; Tomas et al., 2016; Sessa et al., 2018;
Marucci et al., 2018; Marucci and Carpentieri, 2020), or much simplified realistic urban
geometries with flat roofs (e.g. Xie et al., 2013). They have concluded that even weakly
stable stratification conditions (i.e. the bulk Richardson number < 1) considerably
impact the urban boundary layer turbulence and significantly impact pollutant

dispersion.

A thorough search of the relevant literature yielded no research into the nature of the
flow over arrays of pitched-roof buildings in thermally stratified conditions. The few
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studies performed on pitched roof geometries have shown that a pitched roof can
generate a very different flow within and above the canopy top in neutral
stratification, with more three-dimensional flow structures than those in flows over
flat-roof buildings. The question arises as to whether the effects of changes in thermal
stratification are similar over pitched-roof buildings as those over flat roofs.

With respect to producing numerical simulations of the flow around buildings, it is
the case that rather than using conformal meshes (Fig. 2.5) to accurately capture the
geometric details of buildings (such as pitched roofs), two widely used urban CFD
codes PALM-4U (Maronga et al., 2020; Kr¢ et al., 2021) and DALES-Urban (Heus et al.,
2010; Grylls et al., 2020) use non-conformal cartesian meshes. This simple treatment is
attractive as it leads to significant improvements in computational efficiency but raises
the question of what the penalty in accuracy is compared to using conformal
(body-fitted) meshes. This study also addresses this question.

1.3.7 Flows over realistic urban areas

FIGURE 1.10: Highfield campus (centre) University of Southampton and surrounding
suburban areas, with real terrain topology

At present operational mesoscale models are unable to predict the details of urban
flows at street and neighbourhood scale (i.e. O(1 km)). Finely resolved urban
simulations over scales from 1 m to neighbourhood scale generated by engineering
computational fluid dynamics (CFD) codes (e.g. Xie and Castro, 2009; Han et al., 2017;
Antoniou et al., 2017; Inagaki et al., 2017; Tolias et al., 2018; Gronemeier et al., 2020)
but more extensive city-scale simulations (i.e. O(10 km)) are generally impractical.
This presents a significant limitation, as past work has shown that a two-way coupling
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can exist not just between the urban boundary layer properties measured at street
scale (O(0.1 km)) and neighbourhood scale (O(1 km)), but also between street scale
and city scale (O(10 km)) (Barlow et al., 2017a; Fernando, 2010). Such coupling effects
can be particularly pronounced when the urban area includes features such as a single
or cluster of tall buildings (Han et al., 2017; Fuka et al., 2018; Hertwig et al., 2019) or a
sharp change in topography (Conan et al., 2016; Blocken et al., 2015; Limbrey et al.).

The development of simulations which can accurately capture the coupling between
street and city scales challenges both numerical and experimental approaches in many
aspects. This study aims to use numerical simulations to examine the effect of terrain,
which includes real, heterogeneous, urban geometry and small sharp changes in
topography (O(0.1 km)) in a systematic way which is difficult to achieve in wind and
water tunnel experiments or through field observations.

A number of studies have been published since 2000 in which the air flows around
arrays of buildings with complex geometries have been investigated, for example,
(e.g. Arnold et al., 2004; Xie and Castro, 2009; Hertwig et al., 2012; Han et al., 2017;
Antoniou et al., 2017; Inagaki et al., 2017; Tolias et al., 2018; Hertwig et al., 2019;
Gronemeier et al., 2020; Sessa et al., 2020; Goulart et al., 2019; Ricci et al., 2020; Liu
et al., 2023). These studies address two big challenging issues — heterogeneity and
anthropogenic drivers as identified in Barlow et al. (2017a), which can be associated
with such as step-change of urban roughness height, a cluster of tall buildings, local
thermal stratification, and internal urban boundary layer. However, they generally

neglected the terrain and assumed the buildings to be on flat ground.

Those studies which have considered the effects of urban terrain have focused on
city-scale (O(10 km)) topographic changes (e.g. Fernando, 2010; Oke et al., 2017),
perhaps because they have aimed to support mesoscale model developers striving to
increase their spatial resolution (e.g. to O(1 km)) and account for the average effects of
small topographic features without resolving them. A small number of papers in the
literature (Apsley and Castro, 1997; Blocken et al., 2015; Conan et al., 2016) studied the
airflow over small-scale terrain only without buildings and emphasized the crucial

role of the small terrain features.

Tominaga et al. (2004) investigated the effect of the neighbouring urban canopy on a
single tall building in an attempt to validate several codes and meshing strategies. No
significant difference was seen between structured, unstructured and an overlapping
structured grid (Tominaga et al., 2004). All three were able to suitably predict the
pedestrian level velocity, except in the wake and far from target buildings where the

resolution was coarser. The resolution, however, was not reported.

Work by Xie and Castro (2009) has shown that resolving the flow at street scale
requires a grid resolution of a metre or less, but to use that level of resolution for city

scale simulations challenges both current computational tools and resources. A



22 Chapter 1. Introduction

further issue is that due to the resolution limits imposed by current computational
resources, the complex geometries of real buildings must be simplified without losing
those features which have a critical effect on the flow. A similar challenge applies to
small topographic features (O(0.1km)), which are typically smoothed and simplified
in numerical models (e.g. by choosing the resolution of digital terrain elevation data
to be used). The question is what are the critical - but perhaps small - features of

buildings and terrain which must be resolved?

More recently, Tolias et al. (2018) investigated the flow around the Michelstadt model,
this emulates a typical European-type city and compared CFD to wind tunnel results.
In comparison to Xie and Castro (2009), the building alignments were far more
random. The angles between streets vary considerably throughout the domain,
emulating the random nature of real urban areas. Fig. 1.11 shows the flow patterns in
and above the urban canopy from Tolias et al. (2018). Certain flow structures are
immediately obvious, the presence of a long axial vortex along the street shown by
streamtrace 6. It is worth noting that streamtraces that start in very similar locations
can finish in rather different places, streamtraces 1 and 2, and streamtraces 6 and 7.
Streamtrace 8 shows a typical flow bifurcation, and a similar streamtrace could turn in
the opposite direction, —y. Streamtrace 5 shows the complex nature of urban canopy

flows, following a very complex path through and sometimes above the canopy.
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FIGURE 1.11: Streamtraces extracted from the mean flow (coloured by mean stream-

wise velocity). Horizontal velocity vectors shown across a plane at z = 4.1m. The grid

size at ground level is 0.5m. Streamlines are numbered 1-10 for ease of identification.
Figure from Tolias et al. (2018)

Hertwig et al. (2019) showed the effects of tall buildings and their wakes on the flow
within the urban canopy. It was shown that the tall buildings cause strong interactions
between the RSL and UCL that wake models, such as ADMS 5, do not take into
account. Comparing the full urban area with tall buildings and tall buildings only
showed an increase in both the turbulent kinetic energy and vertical momentum flux
at the top of the tall buildings for the former setup.

So far, little is understood about the effects of topographic features on street scale
(O(0.1km)) to neighbourhood scale (O(1km)) on urban flows. The prediction of these
scales of flow is beyond the capability of the current operational mesoscale models.
Nevertheless, these models are striving to increase their spatial resolution (e.g.
0O(0.1km)) and to account for the average effects of these small topographic features
without resolving them. There is a clear need to simulate the effects of topographic
features on street scale (O(0.1km)) to neighbourhood scale (O(1km)). On the other
hand, engineering CFD-type codes have been developing rapidly. They have
demonstrated the capability of resolving the buildings as well as a broad spectrum of
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scales from 1m to O(1 km) (e.g. Xie and Castro, 2009; Han et al., 2017; Antoniou et al.,
2017; Inagaki et al., 2017; Tolias et al., 2018; Gronemeier et al., 2020). Before
understanding these large scale flows due to the terrain variations, a more complex
variant of cuboid arrays must first be investigated. One aspect of interest is the
spatially averaged profiles of the domain.

1.3.7.1 Research Needs

To appropriately capture the vast array of scales within the city, from (O(1m)) to
(O(1km)), it should be determined what resolution is sufficient. These tests have been
carried out previously (Xie and Castro, 2009) but applied to flat domains only. The
increase in building complexity may require finer grid resolutions in order to capture

the relevant flow features.

The only neighbourhood or larger scale investigation using LES of a region above
25km? that could be found is that of Fossum and Helgeland (2020). Fossum and
Helgeland (2020) carried out ambitious large-eddy simulations (LES) with a domain of
150km? area of the hilly Norwegian city of Oslo, in which the difference between the
CFD and operational hazmat dispersion tool (CT-Analyst®) was shown. The work
aims to demonstrate the capability of LES, and to provide detailed data for
parameterisation to be used in a fast-response tool. A resolution of 2 — 4m was
achieved with a cell count of between 315, 000 and 922, 000 within the area of interest
of 14.5x11km. They, in particular, emphasised the importance of setting the wall
boundary conditions, again suggesting the critical role of small-scale topographic
features.

The complete lack of inclusion of neighbourhood-scale topography has left a
significant gap in the understanding of flows within urban areas. Terrain effects on
their own have been published widely, but the effect that even small changes in
terrain height (O(h)) would have within an urban setting are unknown. Even the
University of Southampton’s Highfield campus has terrain changes of this order of
magnitude compared to the average canopy height and greater in some locations. Fig.
1.10 highlights this. The terrain is coloured by height, black being lowest at 0Om above
sea level (ASL) and white being the highest, at 73m ASL. Within the campus, there is a
large dark region running down the image. The depth of this region is around

h = 16m compared to the open region within the campus or the larger open region to
the left. The question is whether it is necessary to include these terrain features to
predict the flow field sufficiently.

These studies suggest, that although it is known coupling may exist between street
and city scale flows, considerable uncertainty remains regarding the importance of

small-scale topographic features in influencing street scale (O(0.1km)) and
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neighbourhood scale (O(1km)) urban flows. This highlights a need for new studies to
investigate and understand the effects of small-scale topographic features on street
(O(0.1 km)) to neighbourhood (O(1km)) scales before considering the coupling
between neighbourhood and city scales.

The effect of stratification for complex, more "realistic” arrays has been reported for flat
urban regions only (e.g. Xie et al., 2013). Xie et al. (2013) discussed the use of thermally
stratified flows with more realistic urban canopies as producing results closer to field
measurements. This is due to the somewhat rarity of purely neutral conditions within
the UBL. It was shown that in the case with a weakly stratified Ri, = —0.2 convective
UBL, the agreement with field measurements was significantly closer. However, they
note that in the near field, the situation is far more complex than simply matching the
stratification strength (i.e. small scale roughness elements and local heat transfer). It is
therefore vital that, due to the lack of cases reported using realistic urban morphology
and thermal stratification, research is undertaken to mitigate this lack of knowledge.

To briefly summarise, this study aims to address the gap in current literature, i.e. to
quantify and understand g the effect of pitching roof of cuboids, and the effect of
street-scale real terrain on the urban canopy flows in neutral and weakly stable
thermal stratification. In an attempt to generalise some of the results, it is required to
define which are the critical - small (O(0.01km)) to large (O(1km)) - topographical
features to be resolved.
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Chapter 2

Methodology

What follows is a description of the process of generating and running numerical
simulations of urban areas to gain new insight into the complex flows within and

above the urban canopy.

2.1 Numerical Methods

2.1.1 Governing Equations
2.1.1.1 Coordinate system

The research undertaken uses a Cartesian coordinate system, utilising x, y, z, where x
is the streamwise direction, y is the spanwise direction and z is the wall normal or
vertical direction. This is the typical convention for meteorological flows (Stull, 1988).

The velocities associated with x, v, z are u, v, w respectively.

2.1.1.2 Large Eddy Simulation

The flow which develops over arrays of blocks is innately unsteady and so is best
resolved by adopting a large eddy simulation (LES) approach (e.g. Kanda et al., 2004;
Xie and Castro, 2006; Castro, 2017). Equations 2.1 and 2.2 are respectively the filtered

continuity and Navier-Stokes equations LES:
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where x; and t are respectively spatial coordinate and time, #; and 7 are respectively
the resolved or filtered velocity and pressure, in the following sections /chapters, if
otherwise stated, stress, u; and p also respectively denote the filtered velocity and
pressure, p is the density, v is the kinematic viscosity, 7;; is the Subgrid-scale (SGS)
stress. d;; is the Kronecker-delta and 0P /dx; is the pressure gradient or body force
term which drives the flow when periodic boundary conditions are used in LES. The
term fd;3 is the body force in the vertical direction due to applied thermal buoyancy
and is calculated by using the Boussinesq approximation based on the estimated
temperature from Eq. 2.15. The mixed time scale SGS model (Inagaki et al., 2005) was
used to avoid using the near-wall damping functions as used in the Smagorinsky SGS
model. Nevertheless, Xie and Castro (2006) suggested that the flow is very much
building block-scale dependent and that the results are not sensitive to the precise
nature of the SGS model, subject to a requirement that the grid sufficiently resolves the

inertial range of the turbulent spectra.

2.1.1.3 Subgrid-scale Modelling

The closure of the LES method is achieved by modelling the smallest scales of
turbulence. It is the SGS stress generated through the filtering operation that has to be
modelled. The SGS stress term, Tj, is the anisotropic residual stress tensor:

. __ 2
Tij = uiu]- — uiu]- — gkr&] (23)

This process is very similar to the methodology followed in modelling the Reynolds
stresses for the RANS turbulence models, and this method also is formed from the
basis of relating the sub-grid stress to the mean strain rates, as was done with RANS
closure. As the Boussinesq hypothesis works well for RANS, Smagorinsky postulated
that a similar technique would work well to describe the effects of the unresolved
eddies on the flow. Smagorinsky then proposed his SGS model in which the local SGS
stress is proportional to the local strain rate of the fully resolved flow, given as:

Tj = —2vs¢sSij, (2.4)
where S;; = 1 (3% + %) and vsgs(x, t) is the eddy viscosity. The eddy viscosity is
given as:

vscs = (CscsA)* (3], (2.5)
where Csgs is the Smagorinsky coefficient, A is the filter width and (|S|) = 1/25;;S;;.

The Smagorinsky length scale is defined as ¢ = CggsA. The Smagorinsky model
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requires that the Reynolds number be sufficiently high enough so that energy is
transferred from large to small eddies, i.e. there is no backscatter (Katopodes, 2018).

At the wall the gradient, g—;, becomes very large within a turbulent boundary layer.
This means that the turbulence at smaller scales than the grid become very large also.
This can produce turbulence within the viscous sublayer, which is non-physical, due
to the high viscous force. Therefore, the prediction of the turbulent stress becomes
incorrect, thus the need for a function to reduce the turbulent viscosity to 0 in the close

wall region. The Van Driest damping function (fyp) can be seen below:

+

D=1-—ear, (2.6)

where, y* is pifry/pu and A7 is a constant. The adaptation used for this project, put
forward by Krogstad (1991). The damping variable given above is then usually
multiplied into the vsgs using the same Cggg as before, which gives the Van Driest
constant, Csgs—yp = CsgsD. This means that when y* = 0, D = 0, which makes
Csgs—vp = 0. This forces vsgs = 0. This does, however, mean that the Smagorinsky

can be over-dissipative in other shear regions too.

The dynamic Smagorinsky model (Germano et al., 1991) attempts to change Csgs to
Ca(x, t) during the solution by interpreting SGS and resolved turbulence within the
inertial range at different points. This is done by utilising a test filter, A, which is a
grid filter larger than the standard grid filter, A. The newly formulated subgrid-scale is
now:

— A

Ti]‘ = uiuj — ﬁﬂ/{]’, (27)

and the resolved turbulent stress, /;; is defined as

—

bij = Tjj — Tyj = Wil —

A

i, (2.8)

=)

where the test filter is denoted by". This relates the resolved turbulent stress, Eij, to the
subgrid-scale stress at both test, T;;, and grid levels, %;;. The Smagorinsky model, Eq.
2.5, can be applied now:

lij = —2(Cql) M, (2.9)
where M;; = (%) |§]§ — |S|S;j. The Smagorinsky constant is a function of the test

filter stresses:

1 (4iiMij)

CyA? = — ,
d 2 (M;;Mjj)

(2.10)
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where the angle brackets denote averaging in homogeneous directions of the grid. C,
is a function of time and inhomogeneous grid direction and there is no need for a
damping function. The SGS eddy viscosity is still not guaranteed to be positive.

The mixed time scale of Inagaki et al. (2005) is based on the dynamic Smagorinsky
model that uses the scale similarity hypothesis. The hypothesis states that the statistics
of the SGS turbulent structures are like those of the higher frequencies within the
resolved turbulent energy spectra. This means it may be possible to extrapolate the
higher frequencies of the resolved energy spectra to predict the frequencies of the
sub-grid scale turbulence, the modelled turbulence. The SGS eddy viscosity is
expressed typically as:

vscs (Velocity Scale) x (Length Scale), (2.11)

Smagorinsky defines the velocity scale as A|S| and the length scale is defined as A.
The velocity can be replaced with vk, where k is the SGS turbulent energy. This is
often estimated by solving the modelled k-equation. It is possible to estimate k by

filtering a velocity field:

_ ~ N2
kes = (T —ui)”, (2.12)
here () denotes the filtering operator. The merit of this method is that vsgs is

consistently guaranteed to approach zero in the laminar flow regions because ks

approaches zero. The SGS viscosity for the mixed time scale is given below:

UsGs = CmrskesTs, (2.13)

AN (o)
-1 7T
T, = (V@) + <|S’) . (2.14)

The model constants Cpsrs and Cr are usually set as 0.05 and 10 respectively (Inagaki
et al., 2005). The time scale is defined as the harmonic average of A/+/k.s and 1/]S|.
A/+/kes is the characteristic time scale of the small-scale turbulence corresponding to

and

the cut-off scale, whereas 1/ S| stands for the large scales. In the region away from the
wall, if |S| approaches zero, vsgs approaches C MTsAVkes. All of the cases shown

throughout this research make use of the mixed time scale SGS model.
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2.1.1.4 Temperature Transport

The filtered transport equation of temperature is:

oT T 3 aT

ER ol e [(D+Dr)axj], (2.15)

where T is the resolved-scale temperature. D is the molecular diffusivity of
temperature, D, is the SGS diffusivity and is given by vsgs/ Pr,, where vsgs is the SGS
kinematic viscosity, Pr; is the subgrid Prandtl number set to 0.9. The Prandtl number
is calculated as the ratio of thermal diffusivity, d, and the eddy diffusivity, v:

Pr = (2.16)

Y
D
2.1.2 Thermal Stratification
2.1.2.1 Boussinesq assumption

The Boussinesq assumption assumes the variations in density do not apply any forces
to the flow except buoyancy. This assumption is valid where temperature differences
vary little, and as such, density varies little. For thermally stratified flows, the

kinematic density, pr, where the temperature change is small, is given as:

Pk=2p [1 - :B (T - Tref)] ’ (2.17)

where B is the thermal expansion coefficient and T, is the reference temperature. It is

important that |px — p|/p < 1 so that incompressible flow assumptions remain true.

The final term of Eq. 2.2 is:

fois, (2.18)

which is the term defining the force due to buoyancy in the vertical direction.

Substituting f = pxg from the Boussinesq assumption gives a new final term to Eq. 2.2:

pig s

i3, (2.19)
0 3

du  Owmj _ 1dp  Fwi 0% 19P  pig

ot ox; paxi+V8xjaxj pdx;  pox; i3/ (2.20)
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This gives a general form of the equation for momentum conservation in

buoyancy-driven flows, in which the incompressible flow assumptions are still valid.

2.1.2.2 Setting of Thermal Stratification

In this study, thermal stratification effects are set using the bulk Richardson number,
which offers a convenient approach for quantifying the strength of stratification due to
the vertical temperature gradient in numerical simulations. The bulk Richardson
number re-written from Eq. 1.10 to the form:

g(S (Tref - TO)

Ri, = —
Touio

, (2.21)
where g is acceleration due to gravity, J is the boundary layer depth or domain height,
Tret is the mean freestream temperature, Ty is the mean ground temperature and U is

the mean freestream velocity at the inlet.

2.1.3 Boundary Conditions

The LES model must be used with boundary conditions appropriate to the problem.
For urban flow simulations, the inflow and outflow faces typically have periodic
boundary conditions (PBC) (e.g. Coceal et al., 2006) or synthetic turbulence inflow
conditions (STI) (e.g. Xie and Castro, 2008). An LES simulation with PBC is based on
the assumption that the simulated domain is a repeat unit of a much greater region.
This approach can substantially reduce the computational cost. However, when
modelling a ‘real” urban geometry, the PBC approach could lead to an inaccurate
representation of the flow in some scenarios because, as stated in Xie and Castro

(2009), the repeat unit creates wakes that impact itself.

The synthetic turbulence inflow (STI) method has been well documented (Xie and
Castro, 2008; Sessa et al., 2018) and simulations using it have compared very well to
data from experiments (Marucci et al., 2018; Marucci and Carpentieri, 2020). As
inputs, STI requires vertical profiles of mean velocity, Reynolds stresses, and integral
length scales. Furthermore, to apply thermal stratification at the inlet, STI requires
vertical profiles of the mean and variance of temperature and integral length of

temperature fluctuations as additional inputs.

2.1.3.1 Periodic Boundary Condition

The cyclic or periodic boundary condition (PBC) provides a coupling condition

between a pair of patches (domain surfaces). In this research, the translation case is
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used. The PBC allows flows to exit one patch and enter the paired patch at the same
patch location. The PBC will be applied on both the side patches of all cases. In some
cases, the PBC will be applied to the inlet and outlet boundaries. For the cuboid cases,
this means all horizontal boundaries will use PBCs. Giving essentially an infinitely
long and wide array of cubes. As the cubes used are all the same size, the inflow will
be able to produce a fully developed turbulent urban boundary layer, given enough

time for the simulation to initialise.

2.1.3.2 Synthetic Turbulence Generation

This technique was developed by Xie and Castro (2008) to generate incoming
turbulence to simulate the structure of the urban boundary layer. It should be noted
that this synthetic turbulence generation requires the wall normal direction to be +y,
which is not aligned with the conventions within this thesis. Therefore, in the
following paragraphs for outlining the turbulence generator methodology, the

coordinate system will use the +y for the wall normal direction.

The turbulence generator uses an exponential velocity correlation, which assumes the
auto-correlation function of the velocity component decays exponentially. The

correlation function can be written as:

UmUmtk _ _M
T = Ruu(kx) = exp(==5 1), (222)

given that L = nAx is the length scale of the flow. Therefore, the exponential
correlation function is used to create a filter to process a set of random data. This is
described using a one-dimensional data set, where Ax is the grid size. Where a filter

function is used to generate a spatial correlation:

N
U =Y bitmejs (2.23)
j=—N

where 7,, is a 1-dimensional random set of data with the mean 7,, = 0 and the variance
TmTm = 1. bj is the filter coefficient, and N is related to the length scale of the filter,
where N = 2n, n = L/Ax. u,, is a 1-dimensional number sequence, with a mean value
given as u,, = 0, and 7,7, = 1, when m # n, meaning zero cross-correlation and u,,
has spatial correlation. It is possible to guess a filter coefficient in the form, which is
re-written to satisfy 1,1, = 1:

RN e
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where,

- 7tk
by ~ exp(—2|n’)

(2.25)
Only a single 2-dimensional slice is produced per time step for all the zones for one
velocity component. The next time step is described by:

Pp(t+ A1) = gp(Dexp(— 220 + gD —exp(- 2D (226)

where T is the Lagrangian time and ¢4(t) is the un-scaled fluctuation with zero mean,
zero cross-correlations and variance equal to 1. The velocity components can then be

calculated by considering the transformation given:

u; = u; + aij;, (2.27)

where

(Ryp)1/? 0 0
[a] = | Rai/all  (Ryp — (a2)?)'/2 0 , (2.28)
Ra1/all  (Rsp —azas)/an  (Rs — a3 —a3y)'/?

where u; is the instantaneous velocity, #; is the mean velocity and a;; is the Cholesky
decomposition of the Reynolds stress tensor, R;; suggested by Lund et al. (1998). For a
boundary layer flow which is homogeneous in the spanwise direction, i.e. z, Ry =0,
therefore as; and a3, vanish.

The inflow generation technique allows the user to prescribe the turbulent stresses, the
mean velocity profile and the turbulent length scales at the inlet. The length scales,
defined as Ly, Ly, L, are given as constants in the code. However, it is possible to use
length scales that change in a certain direction. The code creates a 2-dimensional slice
mesh on which the spatially correlated inflow is generated. Length scales are given as
the number of cells in the code. For simulations herein, the length scales are the same
for the L, and L, directions.

Throughout this work, the PBC and STI boundary conditions are used for two
different sets of simulation cases. The choice of boundary condition was driven by the
physics to be simulated. STI boundary conditions were used for examining the effect
of thermal stratification and the change in roughness flows. So that the results could
be compared with past work on block arrays with flat roofs, the same STI inputs were
used for the thermal stratification cases as in Sessa et al. (2020). This meant that the
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prescribed vertical profiles of mean velocity, Reynolds stresses, mean temperature and
temperature fluctuations for simulating Ri, = 0, 0.2, 0.5 and 1 were identical to those
used in Sessa et al. (2018), which matched the experimental data in Marucci et al.
(2018). It should be noted that the same prescribed inflow data were used for

Ri, = 0.2, 0.5 and 1. This was because, as stated in Sessa et al. (2018), using the same
settings allows the effect of thermal stratification to be isolated for investigation.

2.1.4 Spatial Averaging

The spatial averaging method was adopted for processing the outputs from all
simulations. Using spatially averaging over a whole (x — y) plane (e.g. Fig. 2.6), a
resolved instantaneous flow quantity ¢ in LES can be further decomposed into
space-time average (¢) (Eq. 4.2), spatial variation of the time average ¢, and resolved
turbulence fluctuation ¢’ which is the deviation of the resolved instantaneous quantity

¢ from the time average ¢,

(P)+¢+9, (2.29a)
¢

¢
and ¢ = (§)+ ¢, (2.29b)

where the time-averaged quantity ¢ is equivalent to ¢ for simplicity, such as i7; being
equivalent to U;. In particular, the comprehensive spatial average (Xie and Fuka, 2018)
was selected. This method includes the solid regions in the total volume but ascribes
zero values to the output quantities in them (i.e. the volume occupied by the building
blocks shown as the grey area in Fig. 2.3d), while the solid regions within the domain
are included in the total volume. Equation 4.2 defines the comprehensive spatial

average:

1
= _ LY, z)dxdy, 2.30
(9)(z) Sc//(xe(a,b),ye(—6H,6H))ﬂSf ¢(x,y,z)dxdy ( )

where () denotes spatial average, ¢ denotes the quantity to be spatially-averaged, S¢
denotes the fluid area at height z. For the periodic boundary condition (PBC) case, S,
denotes the total area at height z for the entire horizontal plane, i.e.

x € (0,12H),y € (—6H, 6H) (see Fig .2.6a). For the synthetic turbulence inflow (STT)
cases, S. denotes the area at height z for a horizontal plane across the entire span

(y € (—6H,6H)), and between two x coordinates a and b separated by 2H (see Fig
.2.6b).

When applying the comprehensive spatial averaging to the Navier stokes equations
can be written as (Xie and Fuka, 2018),

0%1;
ox?

ofdy)  o{ujuy + ujuy)
axk axk

_9(P)
00X;

op
00X;

0% (1;)
axf

(2P 4y p(Chy =0, (231)
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where the first term is the constant pressure gradient applied as a body force to the NS
equation, the second term is the form or pressure drag force from the non-fluid
regions, the fourth term is the viscous drag from the non-fluid regions, the third term
is the viscous shear due to the gradient in the vertical direction of the time- and
spatially- averaged velocity, the fifth term is the dispersive shear stress and the sixth

term is the turbulent shear stress.

The comprehensive spatial average has the advantage of producing a smooth change
of total momentum flux across the canopy interface . In comparison, the intrinsic
spatial average, which only includes the fluid regions in the averaging, leads to a
discontinuity in total momentum flux at the canopy height. The fact that the
comprehensive spatial average gives a smooth change in momentum flux is
potentially advantageous in developing a parametrisation of momentum flux, or other

quantities, for a mesoscale model.

In accordance with (Xie and Fuka, 2018), a discontinuity is caused when using the
intrinsic average. From (Xie and Fuka, 2018), “This is simply because the average area,
which is used to calculate the stress with unit m?s?, changes by 33% at the cuboid
height while the total shear force with unit m*s? varies continuously across the entire
height of the domain.” The comprehensive averaging process allows the continuous
momentum flux profile, as the total area being averaged does not change across the
vertical extent. The time and spatial averages of the comprehensive spatial average
data are about 30% less than for the intrinsic spatial average data which is due to the

packing density of 33%, where the intrinsic method exclude the non-fluid regions.

2.1.4.1 Numerical schemes

The following numerical schemes define the chosen method for solving time d/0t,
gradient, V¢ , divergence, V - ¢ , Laplacian, V2<p, and interpolation schemes. Table 2.1
shows the applied numerical schemes for each category. These schemes are used
throughout this research. The time scheme, backward, is a transient, second-order

implicit discretisation scheme, which is potentially unbounded.

TABLE 2.1: Numerical schemes for all cases

Category Scheme

time, d/0t backward

Gradient, V¢ Gauss linear

divergence, V - ¢  Gauss linear

laplacian, V¢ Gauss linear cor-
rected

Interpolation linear
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2.1.5 Particle Image Velocimetry Data

An essential part of the study was that basic simulations of the airflow around the
Highfield Campus buildings on flat terrain could be validated against high-resolution
experimental data. Experiments were conducted in the University of Southampton’s
6.75m long re-circulating water tunnel using a 1:1000 scale 3D printed model. It

should be noted that the model was a simplification in that:

¢ The buildings were placed on flat terrain;

¢ All the building roofs were made flat, whether they actually were or not.

: ‘tf = N

FIGURE 2.1: 3D print of the Highfield campus. The north-south is shown in red, west-
east is shown in green. The coordinate system is also shown. The diameter of the 3D
model or "patch’ is 25cm

Fig. 2.2 from Lim et al. (2022) shows their experimental setup, which is the same for
this study. The test section of the University of Southampton’s water flume is 6.75m
long and 1.20m wide. The measuring location is roughly 5.5m downstream of the
leading edge of the test section. The water depth throughout the measurements was
maintained at 600mm + 1mm and the Us = 0.45ms~!. The model was exposed to a
naturally developed boundary layer which had a depth of § = 83 mm. The ratio 6/h =
12 was close to that used in the LES simulation. Based on the model scale’s average
building height h=16 mm, the Reynolds number was Re;, = 12,000. The average
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building height at full scale is 16 m. The experimental ‘patch’, the model shown in Fig.
2.1, is attached using screws. The test area encompasses around 450m in full scale and

Nano-PIV L50-100 Nd:YAG

0.3 mg/L Free-surface 100 mJ pulsed laser
Rhodamine 6G .
Clear acrylic
i \ i
— ——y
% 1 Ug !
[r— 1
— |
! 1600 mm
1 |
1 Z :
1 |
. X !
Dye injection

——— 4745 mm ————>
< 6750 mm

FIGURE 2.2: PIV setup showing laser plane and orientation and general setup within
the flume experiment, from Lim et al. (2022)

The laser system used to illuminate the seeding particles was provided by

100mJNd : YAG double-pulsed laser. The emission wavelength was 532nm with a rate
of 4Hz. A total of 2000 image pairs, with a time of separation of 1200us at a sampling
rate of 2 Hz. Two CMOS cameras were used with a resolution of 4MP in a side-by-side
configuration. This provided a field-of-view of 230mm in x and 135mm in z. LaVision’s
Davis software, version 8.4.0 was used to post-process the particle images to produce
the vector maps. The laser is split into a sheet using sheet generation optics from
LaVision. The laser sheet shines across the west-east direction, parallel to the direction
of the flow.

The flow seeding was accomplished using 50vm polyamide particles, which were
allowed to circulate throughout the flume before measurement. The errors in PIV
measurement come from several sources. These include tracer dynamics, image
mapping, interrogation, and resolution. The focus of the uncertainty analysis focuses
on the errors from image mapping, from misalignment with the calibration plate due
to the natural distortion of the image, known as pincushion distortion. In addition,
errors in the magnification of the image as the magnification varies over the depth of
the laser sheet (Adrian and Westerweel, 2011). Typically this produces an uncertainty
of 0.3%. However, for the present work it was estimated at around 2%, taking into
account only the refraction of the ray from air to water whilst neglecting the refraction

through the glass; this error would decrease to around 1%.

For comparison with CFD data, a flat bare patch was placed in the sampling location.
The same process was followed to measure the incoming naturally grown boundary

layer’s mean flow and turbulent statistics. This data was then applied at the inlet of
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the Flume inflow case, FF8. This gives consistent boundary conditions between the
cases to validate the CFD approach.

The PIV data used in the study consisted of that taken in the streamwise vertical plane
equivalent to y=104 m in the computational domain (full scale, see Fig. 2.18). Vertical
profiles were extracted at 14 locations given IDs 1-14, counting from upstream to
downstream, starting from x = 220 m (13.3h) at 40 m intervals (Ax = 2.5h).

2.2 Idealised urban arrays with flat and pitched roof

geometries

The idealised morphology studied here takes the form of a simplified urban-like
geometry. Arrays of simple blocks, i.e. cuboids with either flat or pitched roofs, are
studied. The baseline cuboid has dimensions 2H x H x H, where H = 1 m. The
Reynolds number based on the block width H and the velocity at height H in the
upstream boundary layer is about 7400, or about 830 based on the friction velocity u
(Coceal et al., 2006; Cheng and Castro, 2002), estimated using an extrapolation from
the linear turbulent shear stress profile above the canopy (e.g. Fig. 3.3). Given the
different block heights and dimensionless domain heights in this work, it was chosen
to use u; to non-dimensionalise quantities and to focus on the physics within and
immediately above the canopy. Based on their research on arrays of cubes at a smaller
Reynolds number, Xie and Castro (2006) state that “Reynolds number dependency (if
it does exists) is very weak for such flows, except no doubt very close to solid walls.
Turbulence generated by urban-like obstacles (with sharp edges) is large scale
dominated and hardly at all dependent on the much-smaller-scale viscous dominated
processes on the body surfaces”. Flows over arrays of pitched-roof obstacles with

sharp edges are expected to be very weakly dependent on the Reynolds number too.

Two different packing densities (i.e. A,=33.3% and 16.7%) are simulated. The baseline
flat roof cases of height H were validated against Castro et al. (2017). Further cases of
height 1.5H with a flat roof or a 45° pitched roof were then compared with the
baseline case. Fig. 2.3 shows the geometries of the three different blocks used and
diagrams illustrating the packing densities.
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1.5H 45°

FIGURE 2.3: Diagram of the smallest repeat unit size for a) 1H, b) 1.5H, c) 1.5H 45°

pitched roof, with the same plan view and packing density, A,= 33.3%. H, the block

width. h, the block height. x coordinate is aligned with the flow direction and is

perpendicular to the long side of the cuboid and the long street, and z coordinate is in

the vertical direction, d) packing density A,= 33.3% (as in Fig.2.3), e) packing density

Ap=16.7% where the width of the long street marked with “2” is tripled compared to
“1”7in d)

The meshes used in this study were created using snappyHexMesh, which is far more
flexible and efficient than standard structured-mesh generators. It was primarily used
here to assess its suitability for application to much larger domains in follow-on
studies. Nevertheless, this study utilised the capability of snappyHexmesh to create
uniform grids, grids with multiple levels of resolution and non-conformal and

conformal meshes.

For the baseline flat-roof cases, uniform Cartesian grids (identified as (U), Table 2.9)
were first created with a resolution of H/16. This was in accordance with the
minimum level of resolution suggested in Xie and Castro (2006) and Coceal et al.
(2006), which was adopted for all cases, except for those with specifically defined
grids. Cartesian meshes with three levels of grid resolution (identified as (3R), Table
2.9) were created, as used in Xie and Castro (2006), for testing mesh sensitivity. These
had a resolution H/16 up to z = 2.5H, a resolution H/8 between z = 2.5H and

z = 8.5H, and finally, a resolution H/4 from 8.5H up to the top of the domain at 12H.
The time step was chosen following the guidance that the maximum Courant number

was less than unity. For the PBC cases (Table 2.9), the initialisation period was about
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600T,, and the averaging period was at least 700T,,, where T, was based on the block
height and the freestream velocity. For the STI cases (Table 2.9), the initialisation
period was 50T, and the averaging period was 200T). It took from 240 to 300
wall-clock hours on 200 cores to complete one simulation case.

12h

1/4h

85h I

1/8h

25h X

1/16h

v

FIGURE 2.4: Grid for 1H(3R), refinement locations and local grid size given (Table 2.2).

All the Cartesian meshes created for the flat roof cases were conformal. However, if a
simple Cartesian mesh is created for a pitched roof, the mesh is non-conformal, as
shown in Fig. 2.5. To address the question of what impact this has, three meshing
strategies were used for the pitched-roof cases: uniform conformal grids (UC),

Uniform non-conformal grids (UNC) and a 3-level resolution-conformal grid (3RC).
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(@) (b)

FIGURE 2.5: Side view of the surface meshes of pitched-roof cuboids of a) conformal
mesh, 1.5H 45°(UC, 3RC) and b) non-conformal mesh, 1.5H 45°(UNC)

The majority of the cases were run at neutral stability conditions with PBC at the
inflow and outflow (Table 2.9). For these cases, the domain had dimensions of
12Hx12Hx12H, following Castro et al. (2017) as shown in Fig. 2.6a. The STI boundary
condition was applied for the cases with thermally stratified inflows (Table 2.9). The
domain was sized to match that used in Sessa et al. (2018, 2020), which was 29H x 12H
x 12H shown in Fig. 2.6b. In both cases, periodic boundary conditions were applied to
the spanwise boundaries, and a stress-free condition was set for the top boundary.
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FIGURE 2.6: Plan view of the two domains with a packing density A,= 33.3%. (a)

The PBC domain. (b) The STI domain. Removing every other column of cuboids in

(a) results in Ap=16.7%. Red dashed line denotes where laterally averaged vertical
profiles are presented. The flow direction is aligned with x

Table 2.9 summarises the neutral stability cases simulated with the baseline packing

density of 33.3%, the neutral cases run to examine the effect of changing the packing
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density from 33.3% to 16.7%, and the cases run to examine the impact of thermal
stratification on the flow over arrays with a packing density 33.3%.

TABLE 2.2: A complete list of the simulated cases. H, block width (Fig.2.3). PBC,
periodic boundary condition. STI, synthetic turbulence inflow boundary condition.

Case ID Ap(%) Block Ri Roof Mesh type In-

height type outlet

(H) BCs

1H(U) 333 1 0 Flat Uniform PBC

1H(3R) 333 1 0 Flat 3-level PBC
Resolutions

1.5H(U) 333 15 0 Flat Uniform PBC

1.5H(3R) 333 15 0 Flat 3-level PBC
Resolutions

1.5H45°(UC) 333 1.5 0 Pitched Uniform PBC
Conformal

1.5H45°(UNC) 333 1.5 0 Pitched Uniform Non- PBC
Conformal

1.5H45°(3RC) 333 1.5 0 Pitched 3-level PBC
Resolution
Conformal

1H(U) 16.7 1 0 Flat Uniform PBC

1.5H(U) 16.7 15 0 Flat Uniform PBC

1.5H45°(3RC) 16.7 1.5 0 Pitched 3-level PBC
Resolution
Conformal

1.5H45°(UCI) 333 1.5 0,0.2, Pitched Uniform STI
0.5, Conformal

1

2.21 Boundary and inflow conditions

The LES model must be used with boundary conditions appropriate to the problem.
For urban flow simulations, the inflow and outflow faces typically have either
periodic boundary conditions (PBCs) (e.g. Coceal et al., 2006) or synthetic turbulence
inflow conditions (STI) (e.g. Xie and Castro, 2008). An LES simulation with PBCs is
based on the assumption that the simulated domain is a repeat unit of a much greater
region. This approach can substantially reduce the computational cost. However,
when modelling a “real” urban geometry, the PBC approach could lead to an
inaccurate representation of the flow in some scenarios, such as a change in roughness
(Xie and Castro, 2009; Tomas et al., 2016, 2017; Sessa et al., 2018, 2020). Using the PBC
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approach in non-neutral conditions requires additional precautions, such as adding
additional forcing terms into the governing equations that should not influence the
turbulence statistics (Boppana et al., 2014; Grylls et al., 2020).

Table 2.3 shows the boundary conditions applied for all simplified geometry cases.
The inlet and outlet boundary conditions are included for both the periodic and STI
cases. The top, Ground, Side; and Side; patches have the same boundary condition

for all cases.

TABLE 2.3: Boundary conditions for the cuboid array cases

Boundary Patch Name Boundary Condition

Inlet (PBC) Periodic - Outlet

Outlet (PBC) Periodic - Inlet

Inlet (STI) Synthetic turbulent in-
flow

Outlet (STI) Pressure Outlet

Top Symmetry Plane

Ground No-slip Wall

Side; Periodic - Side,

Side, Periodic - Side;

The STI method has been well documented (Xie and Castro, 2008; Sessa et al., 2018)
and simulations using it have compared well to data from experiments (Marucci et al.,
2018; Marucci and Carpentieri, 2020). As inputs, the STI approach requires vertical
profiles of mean velocity, Reynolds stresses, and integral length scales. Furthermore,
to apply thermal stratification at the inlet, STI requires, as additional inputs, vertical
profiles of mean temperature and variance and the integral length of temperature
fluctuations.

The PBC and STI boundary condition approaches are used for two different sets of
simulation cases. The choice of boundary conditions was driven by the physics to be
simulated, and so STI boundary conditions were used for examining the effect of
thermal stratification. To enable the results to be compared with past work on block
arrays with flat roofs, the same STI inputs were used for the neutral and stable
stratification as in Sessa et al. (2018, 2020) (specifically Fig. 4 in Sessa et al. (2020)). This
meant that the prescribed vertical profiles of mean velocity, Reynolds stresses, mean
temperature and temperature fluctuations for simulating Ri;, = 0, 0.2, 0.5 and 1 were
identical to those used in Sessa et al. (2018, 2020), which matched the experimental
data in Marucci et al. (2018). Moreover, the same prescribed inflow data were used for
Ri, = 0.2, 0.5 and 1, because as stated in Sessa et al. (2020), using the same settings
allows the effect of thermal stratification to be isolated.



2.2. Idealised urban arrays with flat and pitched roof geometries 45

10 T8
< <
~ ~
N 5 N 5}
0 : 0 ‘ : ‘
(a) ° 05 T o(b) 0, 0005 001 0015 002
U/Ux (Reynolds Stress)/UZ
10 10
< <
~ ~
N 5 S
0 0 ‘ : ‘
(c) ° 05 ' (q)P00  ooo2 0004 0008
U/Ux (Reynolds Stress) /U2,

FIGURE 2.7: Vertical profiles prescribed at the inlet for a) mean streamwise velocity
Ri = 0, b) turbulent statistics Ri = 0, c) mean streamwise velocity Ri = 0.2,0.5,1 and
d) turbulent statistics Ri = 0.2,0.5,1

The integral length scales prescribed in the streamwise, spanwise and vertical
directions are shown in Fig. 2.8. The accuracy of the prescribed length scales Ly, Ly, L,
were shown by Xie and Castro (2008) to not drastically affect the mean flow and
turbulent statistics within or immediately above the canopy in sensitivity tests. The
selected length scales match that prescribed by (Sessa et al., 2018, 2020), which are
from the wind tunnel (Marucci et al., 2018; Marucci and Carpentieri, 2020).

The length scales shown in Castro et al. (2006) and Xie and Castro (2008) show that
typical length scales of L, and L, do not change drastically over the depth of the
boundary layer. On the other hand, the length scale Lx varies logarithmically over the
depth of the boundary layer, reaching close to 1 at the boundary layer top.
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FIGURE 2.8: Vertical profiles prescribed at the inlet for integral length scale

For the stratified cases, the temperature and temperature fluctuation must also be
prescribed. Profiles prescribed at the inlet match that prescribed by Sessa et al. (2020)
matched with Marucci et al. (2018). The prescribed temperature and variance of
temperature profiles are shown in Fig. 2.9.
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FIGURE 2.9: Vertical profiles prescribed at the inlet for a) mean temperature and b)
temperature variance

The initialisation and averaging periods for the STI cases are shorter than that of the
PBC cases. The initialisation period was 50T, with an averaging period of 2007,
exceeding that in previous literature (Sessa et al., 2018, 2020). For the stratified cases,
the gravity is altered to change the strength of stratification. Table 2.7 shows the
gravity for each of the stratified cases.
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TABLE 2.4: Change of gravity, ¢ with the bulk Richardson number, Ri,

Bulk Richardson g

number

Ri, =0 0.00
Ri, =0.2 0.74
Ri, =05 1.77
Ri, =1 3.54

2.3 Real urban geometries with flat and real terrain

In the course of generating the CAD files, the local building height was seen to be
dependent on the terrain treatment. Building height data from the Ordnance Survey
can be output in several ways. The height of a building is measured from the lowest
point up to the selected height. This can be the top of the eaves or the lowest point the
roof intersects the alignment of the external walls, AbsH2, or the absolute maximum
height, AbsHMax, the building attains. Two other options exist for data export. These
are RelHMax and RelH?2. The relative height values give the building height relative
to its lowest point. This setting was used for exporting the buildings for use with the
flat ground. This is shown graphically in Fig. 2.10.

AbsHMax

RelHMax

RelH2

AbsHMin

FIGURE 2.10: Building height attributes (BHA) export options from the Ordnance Sur-
vey
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Therefore, if a location on the perimeter of a building is significantly lower than the
majority of the perimeter, this building would have its reported height to be far
greater than the height around most of its perimeter. If applying the building heights
when using flat ground, the height of the building would not be representative of the
vast majority of its local height above the ground.

Therefore the terrain treatment can affect local building height significantly. Fig. 2.17
shows rather drastic differences in local building height for a specific streamwise
plane, y = —104m. Building height data is given as the distance of the roof to the
lowest corner. Across the plane selected, the buildings generally have significantly
shorter vertical extents locally for even slight variations in terrain height. For example,
buildings labelled as 3, 4 and 5 have changes in local building height up to 1/4 of the
total maximum local height across the perimeter of the building.

2.3.1 Settings for semi-realistic and realistic morphology cases

Southampton city lies at the primary confluence of the rivers Test and Itchen. There
are also numerous small valleys across the urban area, such as in the Highfield
campus, University of Southampton, as shown in Fig. 2.17. These challenge the
numerical and physical modelling of wind field and dispersion. Therefore, it is
necessary to tackle these issues with the University of Southampton’s Highfield

campus as a case study.

Complex Canopy ResolutionDomain

(Campus) height (in size h(x,y,z)
average (m) Canopy)

Flat terrain (SF8) 16.3 h/8 50, 56.25, 12

Flat terrain(SF12) 16.3 h/12 50, 56.25, 12

Flume flat terrain(FF8) 16.3 h/8 50, 56.25, 12

‘Real” Terrain(ST8) 16.3 h/8 50, 56.25, 10

TABLE 2.5: Outline of Highfield Campus cases with different inflow and mesh-
resolution settings.

Ordnance Survey data are used to generate CAD geometry of the Highfield campus
terrain, including all buildings. In addition, the surrounding regions, up to 5h, have
also been included in the CFD domain with the aim of taking account of their wake
effects. The selected GIS data has a resolution of 5m (OS Terrain 5), and the buildings
have been generated with the use of the Building Heights from Digimap, part of the
OS MasterMap data set. The domain creation was achieved in Blender. Blender was

chosen due to its exceptional handling of the .stl file type.
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FIGURE 2.11: Blender screenshot of removal of buildings coincident with the vertical
patches, inlet, outlet, sides, side;

Fig. 2.11 shows the removal process of all buildings that are coincident with the
vertical domain patches, the inlet, outlet, side; and side,. All buildings within 5h of
the boundaries were removed to simplify any issues with boundary conditions, i.e.
the side boundaries using symmetry boundary conditions.
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FIGURE 2.12: Blender screenshot of missing buildings from Ordinance Survey data

Fig. 2.12 shows one of the key issues with managing large cases. It is common to find
buildings that are missing and thus leave a hole in the .stl surface. This issue must be
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solved before running CFD on the domain. It is possible to fill the hole using
Blender’s simple create function, or it is possible to re-create the specific building. This
can be done in Blender or within another CAD software package. This issue was
found with most of the data output from the Ordinance Survey, and it needs to be
dealt with. Data outputs take the form of 5km x 5km squares, and within this 25km?
area there were many buildings not present, as well as intersecting faces, among other
issues. Other issues were not important due to the cell size. Being 2mx2mx2m means
that non-coincident edges can be neglected as this process did not change the output

mesh, whether it was solved or not.

Ell © Type here to search

FIGURE 2.13: Blender screenshot of the vertex selection and translation for the inlet
patch

Fig. 2.13 shows the inlet patch selected and having been translated upstream by 10h.
This allows the flow to develop, as occurs in the flat terrain case. The other main
requirement is that the inlet patch be rectangular to use the synthetic turbulence
generator at the inlet of Xie and Castro (2008). In order to have a smooth transition
between the bottom side of the inlet and the real terrain, extra vertices are defined
between the inlet patch and the first row of vertices in Fig. 2.13, using the subdivide
command. These vertices are then constrained in the x, y horizontal directions and are
’smoothed’ in the z wall-normal direction. This provides a smooth transition from the

essentially flat ground plane of the inlet patch to the real terrain.

The turbulence inflow generation method (Xie and Castro (2008)) is used for a
simplified model of the Highfield Campus with the real topology being replaced with
a flat ground (Cases SF8 and SF12 in Table 2.5). This will be compared to a model with
the real terrain (Case ST8 in Table 2.5) to understand and quantify the terrain effect.
Two resolutions (e.g. 1/8H and 1/12H) for the flat ground cases (i.e. SF8 and SF12) are
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compared with each other to verify the resolution, along with the validation against
the experimental data over a flat ground.

Different inflow conditions are applied to test the sensitivity of inflow turbulence
parameters, such as the turbulence intensities and Reynolds stresses. Fig. 2.14 a and b
shows inflow conditions used for the DAPPLE site (Xie and Castro, 2009), which are
originally obtained from wind tunnel experiments at EnFlo, University of Surrey.
These vertical profiles are scaled for various building arrays so that the peaks of
Reynolds stresses occur at the average canopy height. The mean velocity and
Reynolds stresses obtained for the naturally grown turbulent boundary layer in the
flume experiments are applied for comparison (Fig. 2.14 c and d). Cases SF8, SF12 and
ST8 use the turbulent inflow quantities at the DAPPLE site, while FF8 use the flume
inflow turbulent quantities.
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FIGURE 2.14: a) Inflow mean axial velocity and b) Reynolds stresses from the DAPPLE
site wind tunnel data (Xie and Castro, 2009). c) Inflow mean axial velocity and d) the
Reynolds stresses from the flume experiments.
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Complex geometries Boundary condition
Inlet Synthetic turbulence Gen.
Outlet Pressure Outlet

Top Symmetry Plane

Ground No-slip Wall

Sideq Symmetry Plane

Side, Symmetry Plane

TABLE 2.6: Table outlining the Boundary conditions for the Cuboid array cases and
complex geometry cases

The integral length scales prescribed in the streamwise, spanwise and vertical
directions are shown in Fig. 2.15. The profiles here are the same as the ones given in
Fig. 2.8.
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FIGURE 2.15: Vertical profiles prescribed at the inlet for integral length scale

For the stratified cases, temperature and temperature fluctuation must also be
prescribed. Profiles prescribed at the inlet match that prescribed by Sessa et al. (2020)
matched with Marucci et al. (2018). The prescribed temperature and variance of

temperature profiles are shown in Fig. 2.16.
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FIGURE 2.16: Vertical profiles prescribed at the inlet for a) mean temperature and b)
temperature variance

The initialisation period was 50T, with an averaging period of 200T, exceeding that in
previous literature (Sessa et al., 2018, 2020). For the stratified cases, the gravity is
altered to change the strength of stratification. Table 2.7 shows the gravity for each of
the stratified cases.

TABLE 2.7: Change of gravity, ¢ with Bulk Richardson number, Ri

Bulk Richardson g

number

Ri, =0 0.00
Ri, =0.2 0.74
Ri, =1 3.54

2.3.2 Terrain elevation analysis

The area chosen for the study was centred on the University of Southampton’s
Highfield campus, which contains two significant valleys shown as the dark areas in
Fig. 2.17 and the dark blue in Fig. 2.18. The domain was sized to include an area
sufficient to capture the flow development over buildings upstream of the campus
and the downstream evolution of the wakes created by the campus buildings. The
final domain shown in Fig. 2.18a (the flat terrain case) is 900m (L) x 800m (LlyE ) and
includes the Highfield campus plus the surrounding area out to a distance of 80m
(equivalent to 5h, where h is the average building height). Figure 2.18b shows the
domain 1050m (LT) x 800m (L; ) of the real terrain case, with a 150m extension
upstream of x = 0 compared to Fig. 2.18a. The terrain elevation at location (x, y) in the

region —150m < x < 0 was linearly interpolated between the real terrain elevation of
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the corresponding interface ground (x = 0, y) and zero terrain elevation of the inlet
ground (x = —150 m, y). The average elevation over the interface (x = 0, y) is zero.
The first valley, which has a width of about 50 m and a depth of about 10m is shown at
x = 200m — 400m in Fig. 2.18b. The second deeper, narrower valley appears at

x = 800m —900m, was near the outlet of the CFD domain and was not the focus of this
study.

FIGURE 2.17: Three-dimensional geometry and terrain contours (above sea-level) of
the Highfield campus, University of Southampton. The dashed frame shows extent of
computational domain

This case is referred to as the realistic urban geometry (ST8 in Table 2.5). In order to
understand the terrain effects on the urban flows, we generated one simplified flume
model (FF8 in Table 2.5) and two simplified CFD models (SF8 and SF12 in Table 2.5)
from ST8 replacing the realistic terrain by a flat surface. These are ‘semi-realistic’ cases.
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FIGURE 2.18: Contours of the terrain and building elevation for a) the flat terrain case
with the ground placed at elevation z = 0, and b) the real terrain case with the inlet
ground located at elevation z = 0. The positive x and y coordinates are west-to-east
and south-to-north, respectively. The solid line at y=104 m indicates the streamwise-
vertical (x — z) plane in which the PIV data were taken. The solid line aty = —210 m
indicates an example of x — z plane for further data analysis (e.g. see Fig. 2.19)

Three-dimensional views of the ground elevation for both SF8 and ST8 are shown in
figure 2.18. ST8 has a gentle downward slope across the spanwise extent of the

domain.

To calculate the average slope (ignoring the building elevation) of each x — z plane,
firstly, the average ground elevation E(y) for one x — z plane at spanwise location y
with a thickness of the resolution Ay was calculated. Linear interpolation was applied
between the upstream and downstream building edges to fill in gaps left from
removing building elevation. Secondly, the average gradient of the slope at y was
estimated to be the ratio of E(y) and the half length of the domain in the streamwise
direction. Thirdly, an average linear slope (i.e. a linear function of x) for the slice
starting from the inlet was calculated based on the average gradient. Four x — z planes
are shown in Fig. 2.19 for y = —28m, —102m, —181m and —210m, respectively. The the
spanwise-averaged slope gradient of the terrain elevation is approximately —2.3°.
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FIGURE 2.19: Terrain and building profiles different spanwise locations, a) y = —28

m,b)y = -102m,c) y = —181 m and d) y = —210 m (see Fig. 2.18). The vertical

solid line in each sub-figure marks the location of the valley crossing the x — z plane.

Station 1 at (x,y) = (292 m, —28 m), station 2 at (x,y) = (336 m, —102 m), station 3 at
(x,y) = (332 m, —152 m) and station 4 at (x,y) = (376 m, —210 m)

The mean slope as a function of x is used as a moving average for the slope. The
terrain elevation, buildings included, has the moving average slope subtracted from it
to create a corrected elevation profile. Where the global slope is removed, the extremes
remain, i.e. local hills and valleys. These corrected elevation profiles are shown with
their respective locations with the flat ground (SF8) in figure 2.20. Deviations from the
flat ground can be seen. The vertical line in each sub-figure marks the location of the
valley closely aligned to the spanwise direction. The centre of the university campus,
located at x = 600m, y = 0 is above the average slope in all locations.
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FIGURE 2.20: Corrected terrain and building profiles different spanwise locations, a)
y = 28m,b) y = 102m, c) y = 181m and d) y = 210m from figure 2.18.

These new corrected elevation profiles calculated the statistics for the distribution of
elevation height to give a more consistent comparison. The calculated quantities
(mean, rms, skewness and kurtosis) for specific profiles and the average is given in
Table 2.8.
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Slice Mean
Case Location Height = RMS Skewness Kurtosis

y (m) (m)
SF8 28 5.893 9.895 2.006 6.929
ST8 28 7.128 11.196  1.689 6.571
SF8 102 5.270 7.112 0.969 2.416
ST8 102 8.276 8.284 0.243 2.000
SF8 180 5.928 8.014 1.372 4.275
ST8 180 9.505 9.607 0.937 3.949
SF8 210 3.372 5.567 1.540 4178
ST8 210 7.008 8.035 0.306 2.483
SF8 Av. 4.092 6.118 1.177 3.560
ST8 Av. 6.384 7.424 0.635 3.001

TABLE 2.8: Raw data for the flat and terrain case elevation, buildings and terrain
included for ST8

Table 2.8 shows that the elevation data for the flat terrain case SF8 is evidently more
skewed than that of the terrain case ST8, as shown in Fig. 2.21. This is because the
former has much more 0 elevation due to the flat terrain, whereas the latter has more
randomly distributed terrain elevations. The elevation of the terrain and buildings is
closer to Gaussian and more random. Buildings in the case ST8 are around 15%
shorter on average compared to the flat case, SF8, when the building height is the
vertical distance between the roof and the average ground level around the perimeter
of the building. We would speculate that a 15%difference should not alone produce
significant differences in the flow quantities, compared to that by the much greater
difference of the terrain.

Coburn et al. (2022); Xie and Castro (2009) emphasise that the distribution and the roof
shape of the buildings play a more important role than a small change of the average
building height. Comparing the statistics in Table 2.8 and Fig. 2.21 of the terrain and
building elevation as a whole, one may argue that the real terrain case ST8 is less

rough than the flat case SF8, which perhaps is opposite to intuition.
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FIGURE 2.21: PDF of the elevation of the terrain and buildings with a spatial resolution
of 2m, which uses the elevation of the correct real terrain and building profile.
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2.4 Case Summary

Table 2.9 outlines all the simulations presented here. With the case ID and a short
description of the case itself. The first section is for the periodic cuboid array cases; the
second is for the cuboid inflow cases with stable stratification. The third is the neutral
inflow campus cases with flat and real terrain. The fourth is the inflow turbulence and
stable stratification over flat and real terrain.

TABLE 2.9: A complete list of the simulated cases. H, block width (Fig.2.3). PBC,

periodic boundary condition. STI, synthetic turbulence inflow boundary condition.
The second half of the table outlines the cases of Complex geometry. /i, average canopy

height.
Case ID Ap  Block Ri Roof Mesh type In-
(%) height type out-
(H) BCs
1H(U) 333 1 0 Flat Uniform PBC
1H(3R) 333 1 0 Flat 3-level Resolution PBC
1.5H(U) 333 1.5 0 Flat Uniform PBC
1.5H(3R) 333 15 0 Flat 3-level Resolution PBC
1.5H45°(UC) 33.3 15 0 Pitch Uniform Conformal PBC
1.5H45°(UNC)33.3 1.5 0 Pitch Uniform Non-Conformal PBC
1.5H45°(3RC) 33.3 1.5 0 Pitch 3-level Res. Conformal PBC
1H(U) 16.7 1 0 Flat Uniform PBC
1.5H(U) 16.7 1.5 0 Flat Uniform PBC
1.5H45°(3RC) 16.7 1.5 0 Pitch 3-level Res. Conformal PBC
1.5H(UCI) 333 15 0.2 Flat Uniform Conformal STI
1.5H45°(UCI) 33.3 1.5 0,0.2,05,1 Pitch Uniform Conformal STI
CaseID h(m) Canopyres. Ri Terrain treatment Inlet turb.
FF8 16 1/8h 0 Flat Flume inflow
SF8 16 1/8h 0,021 Flat Sim. UBL inflow
SF12 16 1/12h 0 Flat Sim. UBL inflow
ST8 16 1/8h 0,02,1 Real Sim. UBL inflow

Sim. UBL inflow describes the inflow conditions from Marucci et al. (2018); Marucci
and Carpentieri (2020) and Sessa et al. (2018, 2020). Flume inflow describes the
incoming flow conditions from the water tank experiment used for case FF8.
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Simplified arrays: Flat vs pitched
roofs

3.1 Validation and Verification

3.1.1 Validation of flow simulation around cuboid array

Fig. 3.1 suggests that the domain height was sufficient as there are no effects on the
profiles close to the top boundary.

To validate the methodology, simulations were first made of cases 1H(U) and 1H(3R)
with PBC at A, = 33.3%. Fig. 3.1 show vertical profiles of the mean streamwise
velocity component U, streamwise normal stress u'u’, vertical normal stress w'w’, and
Reynolds shear stress —u/w’ at the centre of the long street marked “1” in Fig. 2.3d.
Overall, the differences in these turbulent statistics between the cases 1H(U), 1H(3R)
and the LES data in Castro et al. (2017) are negligible within the canopy.

The mean streamwise velocity profiles sampled at typical locations (not shown) also
agree well with those in Castro et al. (2017). The two cases 1H(U) and 1H(3R) yield
accurate mean flow fields within the street canyon. The turbulent stress profiles of the
case 1H(U) are in agreement with those in Castro et al. (2017) over the entire vertical
extent. Within the street canyon, the turbulent stresses for case 1H(3R) are in
reasonable agreement with those in Castro et al. (2017). Nevertheless, the discrepancy
in the Reynolds stresses above z = 2.5H between the case 1H(3R) and Castro et al.
(2017) is visible, with its approximate maximum 5%. This difference is due to a greater
proportion of the Reynolds stresses being modelled (unresolved) by the SGS model
above z = 2.5H due to the coarser resolution for the case 1H(3R). The modelled
portion of the mixed time scale SGS model to the total Reynolds stress can be

estimated (e.g. Xie et al., 2004). This is not of primary concern to this thesis. Despite
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the difference, the mean streamwise velocity is accurately predicted for the case
1H(3R), again suggesting that the mixed time scale SGS model performs well for the
coarser mesh.

1H (U)
107 |- — —1H 3R)

---------- Castro et al.

0 0.5 1 1.5
u'w' u,’

FIGURE 3.1: Comparison between cases 1H(U), 1H(3R) and Castro et al. (2017) data
at long street location “1” marked in Fig. 2.3d. a) mean streamwise velocity U, b)

streamwise normal stress u'u’, c) vertical normal stress w'w’, d) Reynolds shear stress
71/{/ w/

The Reynolds stress profile in Fig. 3.1d for the case 1H(3R) exhibits a slight
disturbance at z/h = 2.5 and z/h = 8, due to the change of grid resolution. In
summary, the results suggest that the two conformal (body-fitted) grids 1H(U) and
1H(3R) can produce satisfactory time-averaged velocities and turbulent statistics, e.g.
Reynolds stresses. This provides the baseline of the mesh structure, from which the
assessment of mesh sensitivity for the pitched-roof cases is carried out in Sect. 3.1.2.
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3.1.2 Assessment of Conformal and Non-Conformal Meshes
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FIGURE 3.2: Grid and geometry effects on a) spatially averaged streamwise mean
velocity, b) axial velocity fluctuation r.m.s. c) spanwise velocity fluctuation r.m.s. and
d) vertical velocity fluctuation r.m.s.. All normalised by u+

This section examines the effect of having conformal or non-conformal grids on the
flow predictions obtained for a block array with pitched roofs. This is done by
comparing spatially averaged profiles for the 1.5H45° (UC), 1.5H45° (UNC) and
1.5H45° (3RC) cases at a packing density of 33.3% with PBC. Fig. 3.2 shows that all
three cases produced consistent vertical profiles of mean streamwise velocity and
root-mean-square velocity fluctuation components. Overall agreement between the
three cases is satisfactory, especially for the mean velocity profile in Fig. 3.2a. All cases
predict similar peak root-mean-square velocity fluctuations with differences of less

than 5% within and above the canopy.

At the top of the domain, the increases in axial and particularly spanwise turbulence
intensities are due to the so-called ‘splatting” of the eddies on the top boundary, where
the vertical velocity is constrained to be zero. However, this is not important because,
as discussed in Xie et al. (2008), the domain height is great enough to avoid any top
boundary condition effect on the regions of interest, i.e. within and immediately
above the canopy. It can be seen that at z/h = 2 where the interface between the H/16
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and H/8 grid regions occurs, the axial fluctuating velocity root-mean-square peak in
Fig. 3.2b and a Reynolds shear stress peak in Fig. 3.3a are visible. These only have a
very local effect and do not evidently impact the flow regions within and immediately
above the canopy.
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FIGURE 3.3: Grid effects for array of cuboids A, = 33.3% with 45° pitched roofs a)
spatially averaged Reynolds stress and b) spatially averaged dispersive stress.

0.3

Fig. 3.3 shows spatially averaged vertical Reynolds shear stress u'w’ and dispersive
shear stress (—U"W"). The dispersive stress is the vertical momentum flux across a
horizontal slide (2.1.4) which is generated by spatial variations in the local
time-averaged velocities calculated using spatial averaging over the horizontal slice
(Xie and Fuka, 2018). There are negligible differences between the three cases within
the canopy. The peak dispersive stress occurs just below the canopy top in all cases.
The 1.5H45°(UNC) case with a non-conformal grid and 1.5H45°(3RC) case with coarse
grid above the canopy produce a small but visible discrepancy (less than 2% of u2)
from height z/h = 2 to z/h = 5, compared to the case 1.5H45°(UC). The discrepancy
in the dispersive shear stress profile between the conformal and non-conformal grids
is visible, with an approximate maximum of 3% of u2 at z/h = 3. This small
discrepancy is more likely owing to the uncertainty of calculating the dispersive shear
stress than grid conformity. Span-width size structures above the canopy require
significant averaging time for obtaining a ‘converged” dispersive shear stress. These
data confirm the satisfactory accuracy of using the non-conformal grids for the global
quantities and those far away from the obstacles. Nevertheless, the accuracy of the

near-wall quantities, e.g. surface pressure, is still a question for the use of a
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non-conformal grid, such as adopted by the PALM4U (Maronga et al., 2020) and
uDALES (Heus et al., 2010; Suter et al., 2022) codes.

It is speculated that the inaccurate representation of the local flow details in the
vicinity of the pitched roof in the non-body fitted grid case 1.5H45°(UNC) could affect
the prediction of local skin friction and other flow parameters. Nevertheless, Figs. 3.2
and 3.3 suggest the overall discrepancy between the spatially averaged mean velocity,
Reynolds stresses and dispersive stresses due to using a non-conformal rather than a

conformal grid is small.

Fig. 3.3a shows a linear decrease in Reynolds shear stress from the canopy top,
reducing to zero at the domain top. The three profiles of the non-dimensional total
shear stress (not shown), including the drag due to the blocks, linearly increase within
the canopy to almost unity at the ground, which is expected because a constant body
force 0P /dx is set to drive the flow. This confirms the satisfactory accuracy of the
simulations (see Xie and Fuka, 2018). The mesh resolution and numerical settings for
the flat roof cases validated in Sect. 2.2, were kept the same for the pitched roof cases.
All these ensure reliable results for the pitched roof cases.
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3.2 Comparison of the turbulence statistics and aerodynamics
of flat and 45° pitched roofs

This section compares flow fields, turbulence statistics, surface pressure coefficients
and drag coefficients between arrays of cuboids with flat and 45° pitched roofs. It
aims to provide an understanding of how having a pitched roof affects these
quantities and thereby quantify the importance of accurately accounting for the

impact of pitched roofs on the boundary-layer flow.

Two packing densities A, = 16.7% and 33.3% of uniform cuboid arrays with and
without pitched roofs were simulated. Spatially-averaged mean velocities and
Reynolds stress profiles were examined to understand the combined effects of a

pitched roof and packing density.

3.2.1 Effect of pitched roof on urban canopy flows

It is known that the upper boundary conditions with a large ratio of the
boundary-layer thickness to the building height, such as §/h ~ 10, yields a negligible
effect on the flow and turbulence within and above the canopy (e.g. Coceal et al., 2006;
Xie et al., 2008). It is worth identifying any differences of flow and turbulence over
pitched-roof and flat-roof buildings in a thick boundary layer. Fig. 3.4a shows a
comparison of the spatially averaged vertical profiles of mean axial velocity between
the pitched roof case 1.5H45°(UC), and the flat roof cases 1.5H(U) and 1H(U), in which
the vertical coordinate is normalised by the canopy height &, and the profiles of
root-mean-square velocity fluctuation components are normalised by the friction
velocity u;. Within the canopy, there are only small differences in the mean velocity
between the three cases, as they are of the same packing density Ap=33.3%. The two
flat roof cases show a much greater inflexion of mean streamwise velocity at the
canopy height (Fig. 3.4b), which is associated with an overall “smoother” canopy top
resulting in a weaker shear immediately above the canopy, compared to the pitched

roof case.

The pitched roof generates far more drag on the flow. This can be seen from the larger
momentum deficit in Fig. 3.4a, and from the values of normalised friction velocity in
Table 3.1, which show a significant increase for the pitched roof compared to the flat
roof at A, = 33.3%. Note a square of the normalised friction velocity (12 /U3,) is
denoted “drag coefficient” (Boppana et al., 2014). Here the mean streamwise velocity
Usy, at z = 3h is chosen as the reference velocity. Because the dimensionless domain
height L, /h is different for different cases (see Fig.3.12 3.12), the mean velocity at the
domain top is not chosen as the reference velocity. Table 3.1 shows that the normalised
friction velocity of the pitched-roof cuboid array is approximately 30% greater than
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the 1.5H flat roof case and approximately 21% greater than the 1H flat roof case. This
strongly suggests that an improved urban canopy model using more advanced
parametrisations should take account of the pitched-roof effects.

TABLE 3.1: Normalised friction velocity for each case for packing densities, A, =
33.3% and A = 16.7%. Uzyis the mean streamwise velocity at z = 3h

Case Ap ur/ Uy
1H(UC) 33% 0.0995
15H(UC) 33% 0.0928
1.5H 45°(UC) 33% 0.1207
1H(3RC) 17% 0.133
1.5H(3RC) 17% 0.132
1.5H 45°(3RC) 17% 0.130

The flow-fields are now examined in detail to understand the reasons for the increase
in friction velocity. Fig. 3.4d shows far higher vertical velocity fluctuations at the
canopy height for the pitched roof in the same freestream wind; it is to be noted again
that the friction velocity u. for the pitched roof case at A, = 33.3% is significantly
greater than the flat roof cases. This could be considered similar to a random height
array (Xie et al., 2008), which produces greater drag and turbulence mixing as well
(i.e. than the uniform height blocks with flat roofs). The axial, spanwise and vertical
velocity fluctuation root-mean-square data are shown in Fig. 3.4b, cand d,
respectively. Within the canopy, the dimensionless root-mean-square velocity
fluctuations are significantly different. The behaviour of the vertical profiles for the
two flat roof cases is similar above the canopy. In contrast, the deeper canopy
evidently suppresses the turbulent fluctuations of all three components within it. The

pitched roof alters the behaviour of the vertical profiles significantly above the canopy.
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FIGURE 3.4: Comparison of the spatially averaged vertical profiles between flat roof
and pitched roof. a) streamwise mean velocity U, b) u;s, ) Upms and d) wys

Fig. 3.5a,b,c show mean ensemble average flow field vector plots of the street canyon
in the x — z plane up to a height of z/ H=2 for the 1H(U), 1.5H(U) and 1.5H45°(UC)
cases respectively. The differences in flow patterns are evident. Fig. 3.5a, b for the flat
roof cases show skimming flow regimes (Oke, 1988), where the bulk of the flow does
not enter the street canyon, and a stable circulation flow is formed in the canyon. A
stagnation at z/h = 0.94 (Figs. 3.8c and 3.10a) confirms this. Fig. 3.5¢ for the pitched
roof exhibits a flow in the wake interference regime (Oke, 1988), where the downward
flows are deflected down the windward roof of the next block downstream, at the
stagnation of z = 0.85h (Figs. 3.8e and 3.10b). Dispersive stress within the canopy of
the pitched-roof case 1.5H45°(UC) (Fig. 3.11) is much greater than that of the flat-roof
case 1.5H(U) in the same incoming flow. Again, this suggests that the former
generates a less stable circulation in the canyon and is in the wake interference regime,

whereas the latter is in the skimming region (Oke, 1988).

Fig. 3.5c shows that the shear layer at the canopy top impinges on the windward

pitched roof, which explains the greater vertical velocity fluctuations at the canopy
height in the same freestream wind (Fig. 3.4d). Much greater vertical mean velocity
magnitude (not shown) was also observed at the canopy height for the pitched roof

case.
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FIGURE 3.5: Vector plot of mean ensemble average velocity normalised by Uj), across
the x — z plane on the centre of the long street. a) 1H(U), b) 1.5H(U) and c) 1.5H45°(UC)

The observations above are reinforced by Fig. 3.6, showing different normalised
instantaneous axial velocity contours for the 1.5H flat and pitched roof cases. The flat
roof creates an obvious interface at the canopy top, where a thin shear layer forms,
whereas the pitched roof generates a far thicker shear layer from the apex of the roof
and a less visible interface. Vorticity contours (not shown) for both cases show the

same phenomenon.
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FIGURE 3.6: Normalised instantaneous streamwise axial velocity contour across x — z
plane on the centre of the long street for a) 1H(U), b) 1.5H(U) and c) 1.5H45°(UC)

Fig. 3.7 shows how the pitched roof changes the vertical /spanwise flow around the
cuboid. The flow above the canopy evident in Fig. 3.7a,b has been documented for
uniform height flat-roof cuboids with various aspect ratios (Willingham et al., 2014;
Tomas et al., 2017). This vortex pair is present downstream, over the whole extent of
the domain. However, the pitched roof effectively destroys these counter-rotating
vortex pairs (Fig. 3.7c). This is due to the large mean upward flow at the apex of the
roof, which is largely uniform across the span. The pitched roof also enhances the

axial rotation seen at the corner of the apex.
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The streamwise flow above the canopy of flat roof cuboids, not shown, has a higher
velocity directly above the cuboids, being lower in between the cuboids, which
corresponds to the high momentum pathway (HMP) and low momentum pathway
(LMP), respectively (Yang and Anderson, 2018). The rotation above the flat roof
cuboids is consistent with this (Barros and Christensen, 2014). This is opposite to the
findings of Vanderwel and Ganapathisubramani (2015). However, their spanwise
spacing was significantly larger, and the roughness was continuous along the

streamwise direction.
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FIGURE 3.7: Vector plot of mean ensemble average velocity normalised by Ug;, across
the ¥ — z plane on the centre of the cuboid. a) 1H(U), b) 1.5H(U) and c) 1.5H45°(UC)
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Fig. 3.8 shows pronounced differences in the windward and leeward surface pressure
distributions normalised by pu2 on the three blocks. The windward side plots show
similar pressure distributions for both the flat-roof cases, 1H(U) and 1.5H(U) (Fig. 3.8a,
c respectively). The pitched-roof case, however, shows a considerably different surface
pressure distribution. The vertical face from z = 0 to 2/1/3 shows a similar
low-pressure region to the two flat roof cases but with a lower pressure which extends
much deeper into the canopy and further across the span.

On the leeward side, similar distributions are again observed for the flat-roof cases (
Fig. 3.8b, d). But the leeward side of the pitched roof case (Fig. 3.8e) displays a much
more uniform distribution across the span due to the more uniform mean flow across

the span shown in Fig. 3.7c.
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FIGURE 3.9: Contours of pressure difference, AP, between the windward and leeward
sides normalised by pu%. a) 1H(U), b) 1.5H(U), ¢) 1.5H45°(UC)

Fig. 3.9 shows contours of pressure difference between the windward and leeward
sides for the three cases 1H(U), 1.5H(U), and 1.5H45°(UC). This figure shows a similar
surface pressure difference distribution to that in Tsutsumi et al. (1992) with the
highest volume ratio (packing density). The data collected also follows the same
pattern: the surface pressure difference increases from low to high from the centre
span to the cuboid edge. The pressure difference peak occurs at y = 0 and almost at
the canopy top for the flat-roof block, whereas the pressure difference peaks on the
pitched roof occurs at y/H = 0.15 and 1.85, and z/h = 0.9. The pressure difference on
the pitched roof shows a high uniformity across the span, which probably results from

a dominant flow along the roof surface towards the apex of the roof.
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FIGURE 3.10: Comparison of vertical profiles of a) spanwise averaged surface pressure
on windward (W) and leeward (L) sides, and b) pressure difference between wind-
ward and leeward sides

Fig. 3.10a shows vertical profiles of spanwise averaged surface pressure on windward
and leeward sides. The profiles for two flat-roof cases are similar in shape, whereas
the pitched roof creates significantly different shaped profiles above z = 2h/3. A
noticeable inflexion is present in the pitched roof profiles at the transition between
side and roof, which occurs at slightly different vertical locations on windward and
leeward sides; this is likely due to not having data at the point of transition between
the building’s vertical and roof faces. The maximum surface pressure at z/h = 0.9 on
the windward side denotes stagnation. Stagnation is not visible on the windward
sides of the flat-roof cuboids, which occurs too close to the canopy top to be resolved
in the current mesh. Fig. 3.10b shows normalised spanwise-averaged pressure
difference. A considerable difference is evident between the flat-roof case 1.5H(U) and
the pitched-roof case 1.5H45°(UC) above z = 2h/3.

The form drag due to the pressure difference between the windward and leeward
faces is dominant. Xie and Castro (2006) show that the integrated pressure difference
between the windward and leeward of an array of cubes is approximately 90% of the
total body force imposed, which is equal to an integral of pu? over the ground surface.
The pressure difference for the pitched-roof case exhibits an inflexion at z = 2h/3 as in
Fig. 3.10a, accompanied by an abrupt increase in the pressure difference above

z = 2h/3, which peaks at 0.9h and decreases towards the canopy top. The 1.5H(U)
case exhibits a lower pressure difference across the depth of the canopy compared to



74 Chapter 3. Simplified arrays: Flat vs pitched roofs

the shorter cuboid case 1H(U). A sharp increase occurs above z = 0.8/ for case
1.5H(U), and one occurs above z = 0.7h for case 1H(U), which are consistent with the
pressure profiles on the windward sides for the respective flat-roof cases in Fig. 3.10b.
These changes in shape are likely associated with the heights of the recirculation
centres within the long street shown in Fig. 3.7a, b. Again, these suggest that a
one-dimensional urban canopy model that resolves the aerodynamic drag distribution
within the canopy should take account of the pitched-roof effects.

Fig. 3.11a shows dimensionless spatially-averaged Reynolds shear stress profiles.
Within the canopy, the pitched roof generates far less Reynolds shear stress. The
profiles for the two flat roof cases are similar, with the lower cuboid case generating
slightly more Reynolds shear stress within the canopy. When focusing on the flow
immediately above and within the canopy, it is more appropriate to normalise
quantities by the friction velocity. Table 3.1 shows more details of u/Us;, where Us,
is the mean streamwise velocity at z = 3h. When focusing on the flow far above the
canopy, it is more appropriate to normalise the flow quantities by the free stream
velocity U, or the velocity high above the canopy, e.g. z = 3h. It was noticed that the
peak Reynolds shear stress normalised by Us;, is about 100% higher for the pitched
roof case (not shown), suggesting that the pitched roof vastly increases the drag,
mixing and re-entrainment of the flow into the canopy. Within the canopy, Reynolds
shear stress normalised by Us;, shows the same behaviour as that normalised by the
friction velocity u;. Considering only the packing density A, = 33.3% against a flow
region map based on flat-roof data, the flows fall into the skimming region. However,
the entrainment into the street canyon is less-energetic due to the pitched roof because
the mean flow in the shear layer has a non-negligible upwards component, and some
portion of the flow is directed upwards instead of into the street canyon. Considering
this, the flow over the pitched-roof array with A, = 33.3% falls into the wake

interference regime.

The pitched roof creates a more uniform mean flow field across the span of the cuboid.
The local peak Reynolds shear stress differs by less than 7% across the span of the
cuboid at the long street location, i.e. station “1” in Fig. 2.3, with a maximum
occurring at the centre of the span. The flat roof cuboid generates the maximum
Reynolds shear stress at 0.1H from the spanwise edge of the cuboid.
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FIGURE 3.11: Spatially-averaged profiles of a) dimensionless Reynolds shear stress, b)
dimensionless dispersive stress

Fig. 3.11b shows spatially-averaged vertical dispersive stress profiles, which are the
mean flow contributions to vertical momentum flux. The pitched roof creates
significantly larger dispersive stresses at the canopy height compared to the flat roof -
it is to be noted the friction velocity u. is much greater for the pitched roof case. At

z = 2h and 1.5k, the flat roof cuboids generate larger dispersive stresses, whereas the
pitched roof generates negligible dispersive stress at the same height. It is speculated
that the pitched roof generates more turbulent fluctuations and mixing at the canopy

height resulting in less significant mean flow variations.

3.2.2 Packing density effects accounting for roof shape

Table 3.1 shows an evident increase of normalised friction velocity u./Us, for the
pitched roof compared to the flat roof at packing density A,= 33.3%, suggesting a
significant increase of drag coefficient u2/ u?%h' Nevertheless, Table 3.1 shows no
evident difference in u. /Usy at packing density A,=16.7%, suggesting that the impact
of the pitched roof is highly dependent on the packing density.

Fig. 3.12 shows spatially-averaged mean streamwise velocity and Reynolds shear
stress profiles for the three block geometries at packing densities of 33.3% and 16.7%.
To emphasise the variation of the canopy drag for different blocks in a given wind, we
deliberately use Uj), to scale the quantities. With the exception of the 1.5H45°(3RC)
16.7% case, the differences between the mean velocity profiles within and immediately
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above the canopy are hard to discern. Oke (1988) suggests that a threshold line
between the wake interference and skimming regimes is h/W =~ 0.65, where /W is
the canyon aspect ratio, and W is the canyon width. These data are based on a low
ratio of building height to width, e.g. h/W = 1 (see Fig. 2.3, where W = H for

Ay =33.3%). Oke (1988) also suggests being prudent when using such a threshold,
given the uncertainties. As discussed in Sect. 3.2.1, the flow over the flat roofed arrays
at A, =33.3% and h/W=1.5 is in the skimming regime, whereas at A, =16.7% and
h/W=0.725 it is in the wake interference regime. Again, these are supported by the

flow pattern, surface pressure and skin friction data.

The peak values of Reynolds shear stress for the higher packing density cases are all
lower than the peaks for the lower packing density. It is crucial to note that the
pitched roof increases the total drag coefficient substantially at the higher packing
density A, = 33.3%, whereas, at the lower packing density, A, = 16.7% the effect of
the roof on the drag coefficient is small. This confirms the observation in Sect. 3.2.1
that the pitched roof alters the flow regime at A, =33.3%, but it does not at

Ap = 16.7%. This suggests that the flow regime map against the canyon aspect ratio
needs to take account of roof shape and requires a more systematic study of the issue,
such as covering a certain range of A, and h/W, but as a starting point, a specific case
is of interest. Given the significant effect of the pitched roof, the width W, between one
apex of the pitched roof to the next apex is used to calculate the canyon aspect ratio
h/W,. For the pitched roof at A, =33.3%, the aspect ratio /W, = 0.725 falls in the
wake interference regime. This is consistent with the 11/ W=0.725 falling in the wake

interference regime for flat-roof arrays at A, = 16.7%.
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FIGURE 3.12: Effects of packing density and roof shape on a) spatial- and time-
averaged axial velocity profile, and b) spatial- and time-averaged Reynolds shear
stress

Fig. 3.13 shows spatially-averaged mean streamwise velocity and Reynolds shear

stress within and immediately above the canopy. The spatially-averaged mean

velocity profiles are similar in shape, but the arrays with the lower packing density

produce a smoother transition in the mean flow at the canopy top. As with the values

above the canopy shown in Fig. 3.12, there is a clear difference in the values of

Reynolds shear stress within the canopy for the two packing densities. It is noticeable

that the pitched roof reduces the Reynolds shear stress in most of the regions within

the canopy for both packing densities, even though it substantially enhances the

Reynolds shear stress at the canopy height when A, = 33.3%. It is speculated that the

45° slope on the windward side of the block convects most of the turbulence upwards

and downstream, whereas the straight vertical windward side of the flat-roof blocks

convects a large fraction of the turbulence downwards into a large circulation within

the long street canyon as shown in Fig. 3.5.



78 Chapter 3. Simplified arrays: Flat vs pitched roofs

1.5 T T T I/"
'..' 4'4
B
. v,'/-
1F 77 1 T
7
Iy
< i
i
s
o5 - .
/;’ LH (U)
1 |— — —15H (U)
// .......... 1.5H45° (UC)
/f: 1H (3R) 16.6%
/)i |— — —15H (3R) 16.6%
e 1.5H45° (3RC) 16.6%
0 I-" ! L | | | 1 1 1
(a) " o 02 04 06 (b) o 0005 o001 0015 o002
<U > /U, < —uw' > [Us?

FIGURE 3.13: Effects of packing density and roof shape on a) spatial- and time-
averaged axial velocity profile, and b) spatial- and time-averaged Reynolds shear
stress

3.3 Discussion of surface pressure on pitched roofs

Holmes (2007) stated that surface loading is dependent on peak surface pressures.
This suggests that the level of turbulence in the incoming flow is an essential factor in
surface loading. Based on this, it is of interest to compare surface pressure coefficients
calculated from the data produced here to values calculated from the Eurocode (En

et al., 1991), which is used for estimating wind actions on structures, including pitched
(gabled) roof buildings in urban or suburban environments.
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FIGURE 3.14: Surface pressure coefficient, C,, for the windward side of (a) A, =33.3%

(b) Ap = 16.7%, and the leeward side of (c) A, = 33.3% and (d) A = 16.7%. Dashed

lines demonstrate the regions for which wind loading can be calculated according to

the Eurocode for wind actions, F, G, H for the windward side and J, I for the leeward
side

The local surface pressure coefficient is calculated using Eq. 3.1,

P(t) — Ry
1/20U%."

ref

Cp(t) = @3.1)
where D is the reference pressure, p is the density of air and U, is the time mean
velocity, typically taken for low-rise buildings as the upstream velocity at the canopy
top (Holmes, 2007). However, as PBC inflow conditions were used for these cases, U,¢
was obtained following the method in Daniels et al. (2013) by fitting a power law with
exponent 0.16, and a coefficient 2.675 to match the velocity profile with a freestream
velocity U, at the domain top. U, was then calculated at the canopy height z = H.
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Fig. 3.14 shows contour plots of the surface pressure coefficient, as calculated using
Eq. 3.1, for the two packing densities. To apply the Eurocode, the surface area is
divided into regions F, G, H, I and ] as indicated in Fig. 3.14. It is to be noted that the
colour bar scales are different to highlight the regions.

Even though the block geometries are the same, there are obvious differences between
the two surface pressure coefficient plots. Reducing the packing density and
increasing the distance causes the stagnation point to migrate down the windward
roof - around 10% of the overall building height. In addition, the pressure on regions
E, G and H increases as the distance between buildings increases because the
windward roof is more exposed.

Fig. 3.14c and d show a somewhat uniform pressure distribution on the leeward side
roof, although slightly lower pressures are predicted on the leeward roof of the higher
packing density case. This is likely due to a weakening of the street canyon type
vortex, as it is ‘stretched” further downstream, as confirmed in Bailey and Vincent
(1943).

The Eurocode data (En et al., 1991) provided in Table 3.2 is for the most extreme load
case of an isolated 45° pitched-roof building. It gives two sets of data for each of the 5
areas (see Fig. 3.14), and states “...four cases should be considered where the larges or
smallest values of all areas F, G and H are combined with the largest or smallest values
in areas I and J”. Table 3.2 only lists the largest values from the first set data of F, G and
H, and the smallest values from the second set data of I and J. Other data are all zero.

Table 3.2 shows that surface pressure coefficients from the two LES cases are very
different from the predicted by the Eurocode. This is for two reasons: firstly, the
Eurocode data represent the possible extreme of surface pressure coefficients, the
estimation of which is outside the scope of this thesis; secondly, Eurocode does not
take the effect of sheltering by surrounding buildings into account. Table 3.2 shows
substantial differences in the LES predicted average mean surface pressure on every
area for the two packing density cases. This questions the applicability of an

isolated-building standard for use in suburban or urban environments.

TABLE 3.2: Average mean surface pressure coefficient on the F, G and H areas of wind-

ward roof, and the I and ] areas of leeward roof, mandated in the Eurocode (En et al.,

1991). The table lists the largest values from the first set data of F, G and H, and the
smallest values from the second set data of I and ], provided by (En et al., 1991).

Case Description F G H I J
Eurocode 0.7 0.7 0.6 -0.2 -0.3
1.5H45°(3RC) A = 33% 0.064 0.025 0.089 -0.045 -0.056

1.5H45°(3RC) Ay =17% 0.092 0.133 0.121 0.0068 -0.018
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3.4 Effects of stratification

3.4.1 Stratification effects on flow quantities around pitched roof buildings

As shown previously, the study of flow over pitched roofs in neutral conditions is a
crucial stepping stone, albeit the occurrence of neutral atmospheric stability conditions
is very rare. In this section, the effects of stable stratification are examined for
pitched-roof cuboids. Again, it is to be noted that the same turbulent and temperature
inflow statistics were used for the neutral and stable stratification as in the flat roof
cases reported in Sessa et al. (2020). The imposed turbulent kinetic energy at the inlet
in the neutrally stratified case is approximately twice that in the stably stratified cases.

Data from the STI domain is shown as spatially averaged between a(17H) — b(19H)
(Eq. 4.2). Fig. 3.15 shows laterally averaged time-mean vertical velocity and Reynolds
stress profiles at x = 18.5H for four stratified conditions. The mean velocity profile is
negligibly affected by all the stratification conditions or the inflow turbulence level,

whereas for flat-roof cuboids in Sessa et al. (2020) (i.e. Fig. 7) the effect was more

evident.
1.5H45° Neutral /
107 | — _ . 15H45° Ri—02 /1
............. 1.5H45° Ri =05

= —_— 1.5H45° Ri =1

NS

N 5 | y:

Y,
.-/
0— ' 0 ‘ ‘
(a) o 05 1 (b) o 0.01 002 003
< U >3-1850 /Uso < >,850 JUL
10 f
|
!
\
S
R
e
' X » e
N - , 0 , . .
(c) o 0.005 001 (d) "o 2 4 6
< w'w' >i—185H /Ugo < —uw'w' >;-185H /Uooi10‘3

FIGURE 3.15: Spanwise averaged data at x = 18.5H for neutral and stratified condi-
tions, Ri, = 0.2,0.5,1, (a) mean velocity, (b) streamwise stress, (c) vertical stress and
(d) Reynolds stress, normalised by the freestream velocity
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Fig. 3.15 shows an evident effect of stratification and inflow turbulence level on the
turbulent statistics. The reduction of streamwise normal stress (Fig. 3.15b) in going
from Ri = 0.2 to Ri = 0.5 for the pitched roof case is approximately 7%, in contrast to a
reduction of 25% for the flat-roof case (Sessa et al., 2020). For Ri, = 0.2 and Ri, =1,
the differences are 16% and 50% for the pitched and flat roof cases, respectively. These
suggest the effect of a pitched roof opposes typically associated with the stable

stratification.

The evident differences in the streamwise and vertical stresses between the neutral
and the case Ri = 0.2 (in Fig. 3.15) are mainly due to the large difference of the inflow
turbulence level. Nevertheless, these differences for the pitched roof cuboids are far
smaller than for the flat-roof cases shown in Fig. 8 in Sessa et al. (2020). This suggests
that the flow created around pitched roof cuboids leads to an evident reduction in the
effect of inflow turbulence level when compared to the flows over flat-roof cuboids for

the same inflow conditions.

In neutral conditions, the flat roof generates around 10% stronger streamwise
fluctuations than the pitched roof, whereas it generates around 10% less vertical
fluctuations than the pitched roof (see Fig. 3.15, and Sessa et al. (2020)). This suggests
that the pitched roof generates more three-dimensional turbulent eddies above the
canopy, as opposed to the thin shear layers generated by the flat roof at the canopy
height. Thermal stratification normally inhibits vertical momentum transport, while
pitched roofs promote it by pushing flow upwards or downwards, so they have the
opposite effect. The more energetic vertical turbulent fluctuations at the top of the
pitched-roof cuboids reduce the effects of the stratification and the inflow turbulence

level.

Through spanwise averaging across the entire region of the 8'" row, the flow
quantities are shown in Fig. 3.16. This data is spanwise averaged, then averaged in the
streamwise direction from the front of the building in row 8 up to the front of the
buildings in row 9. The results are similar to the spanwise average at x/h = 18.5;
however, the relative difference between the peak values for the different stratification

strengths has decreased, and so have their peak values.
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FIGURE 3.16: Spanwise averaged data for the 8" link to Fig. in methodology row
for neutral and stratified conditions, Ri, = 0.2,0.5,1, (a) mean velocity, (b) streamwise
stress, (c) vertical stress and (d) Reynolds stress, normalised by the freestream velocity

Fig. 3.17 shows contours of vertical stress w'w’ across a vertical plane located at

y = —1.5H (see Fig. 2.6) for Ri, = 0, 0.2, 0.5 and 1. It is evident that the stable
stratification reduces the strength of fluctuations across the entire fetch of the domain.
Fig. 3.17 also shows that the growth of the IBL is suppressed in the stratified flow.
However, such a stratification effect is evidently less effective in suppressing the IBL
when compared to its effect on the flow over flat-roof cuboids (Sessa et al., 2020), as

discussed in 3.5.1.
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FIGURE 3.17: Variance of vertical turbulent fluctuations normalised by freestream ve-
locity for a) Ri, = 0, b) Rij = 0.2, ¢) Ri, = 0.5 and b) Ri;, = 1, along the longstreet
location

The spanwise averaged data from the leading edge of the array is shown in Figs. 3.18
and 3.19 for the normalised streamwise and vertical velocity respectively, and Figs.
3.20 and 3.21 show the normalised streamwise vertical stress and Fig. 3.22 shows the

normalised Reynolds shear stress.
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FIGURE 3.22: Contours of spanwise averaged Reynolds shear stress. For a) Neutral,
b) Ri, = 0.2,¢) Ri, = 0.5and d) Ri,, = 1

The stratification decreases the strength of the fluctuations as expected, but it is
downstream that is surprising. The stratification damps the turbulence and affects the
mean flow fields. The ‘wavey’ nature of the contour of mean streamwise velocity (Fig.
3.18) is reduced by the stratification. The mean vertical velocity is also reduced with

increasing stratification strengths (Fig. 3.19).

The turbulent normal stresses (Fig. 3.20 and 3.21) show weaker peaks and more
greatly reduced values at the canopy top downstream. The Reynolds shear stress
(3.22) is significantly reduced, the peak value downstream of every roof apex is
drastically lower, but the overall shape of the contours is similar. Towards the tail end
of the space shown, there is a visible reduction in the height of the border between
Reynolds shear stress values for the neutral case and Ri;, = 0.2; this outermost border
is still increasing in height at x/H = 23.

Spatially averaged vertical stress profiles are shown in Fig. 3.23. Row three has the
highest peak vertical fluctuations. As expected, there is a decrease in the vertical
velocity variance from the neutral case to Ri, = 0.2, and then subsequent decreases as
the Richardson number increases. The decrease between each of the stratified cases
increases further downstream. In row three, the decrease of the peak value between
Ri, = 0.2 to Ri, = 1is 4.8%, in row 6, the decrease is 7.4%, and in row 9, the decrease
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is 15.8%, Even at row 10 the decrease is still increasing, at 16.6%, but the rate of
increase is slowing.
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FIGURE 3.23: Pitched roof spatially averaged vertical profiles of vertical velocity vari-

ance. Each profile is averaged across the entire domain span and a 2k streamwise

region starting at the front of each building, representing the building row. a) Neutral,
b)Ri =0.2,c) Ri =05and d) Ri =1

3.4.2 Stratified flow around flat and pitched roof buildings

Comparing the effects of flat-roofed and pitched-roofed cuboids for neutrally
stratified, fully developed urban boundary layers was shown at the beginning of
Chapter 3. This section 3.4.2 compares the differences in the flow field and turbulence
statistics for the roughness step change, where the leading edge of the array and

subsequent building rows are simulated. This is shown for a stratified flow at
Ri, =0.2.

Fig. 3.24 shows the streamwise mean velocity, streamwise and vertical normal stresses
and Reynolds stress for the 8" row of buildings, x = 17H — 19H in Fig. 2.6. The peak
values for both of the normal stresses are around 40% greater in the case of the pitched
roof at the canopy top. The Reynolds shear stress peak for the pitched roof case is
around 56% greater than that of the flat roof case.
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FIGURE 3.24: Spatially averaged data across the 8 row for stratified flow around flat

and pitched roof cuboids with a stratification strength of Ri = 0.2 for normalised a)

mean streamwise velocity, b) streamwise velocity variance, c) vertical velocity vari-
ance and d) Reynolds shear stress

Comparatively, the spanwise averaged contour of vertical normal stress shown, in Fig.
3.25 shows a substantial peak in the vertical normal stress for the flat roof cuboid at
the start of the array. The roof shape of the pitched roof case essentially makes the
roughness step change not as aggressive. The wall normal cross-sectional area, above
2/3h, reduces linearly to zero, as discussed previously. The roof shape helps the
roughness step change to be less severe. The greatest peak value comes around the
apex of the second row of buildings, impinging on the roof of the second-row
buildings.
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FIGURE 3.25: Stratified flow around flat and pitched roof spanwise averaged vertical
velocity variance with a stratification strength of Ri, = 0.2 for a) flat, b) pitched cases.

The same can be said for the Reynolds shear stress. The peak value occurs over the
second row of buildings in the pitched roof case, compared to above the first row of
buildings for the flat roof cuboids. However, downstream, as shown in Fig. 3.24, the
pitched roof cuboids generate greater Reynolds shear stress at and just above the top
of the canopy than that generated by the flat roof cuboids.
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FIGURE 3.26: Stratified flow around flat and pitched roof spanwise averaged Reynolds
shear stress with a stratification strength of Ri;, = 0.2 for a) flat, b) pitched cases.

This is further confirmed by the spatially averaged vertical profiles for each row as
shown in Fig. 3.27 for the vertical normal stress and Fig. 3.28 for the Reynolds shear
stress. The pitched roof generates greater vertical normal stress and Reynolds shear
stress in every row downstream of row 2. The pitched roof, as shown previously,

generates larger vertical momentum flux at the canopy height in developed boundary
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layers, here it is shown that even in developing boundary layers, after two rows of

buildings, the peak Reynolds shear stress is far greater.
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FIGURE 3.27: Flat and Pitched roof spatially averaged vertical profiles of vertical ve-

locity variance for Ri, = 0.2. Each profile is averaged across the entire domain span

and a 2h streamwise region starting at the front of each building, representing the

building row. Numbers indicate the building row. 0.025(w’w’) /U2 is added to each
subsequent profile to plot all profiles on the same graph.
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FIGURE 3.28: Flat and Pitched roof spatially averaged vertical profiles of Reynolds

shear stress for Ri, = 0.2. Each profile is averaged across the entire domain span

and a 2h streamwise region starting at the front of each building, representing the

building row. Numbers indicate the building row. 0.0125(u’w’) /U2, is added to each
subsequent profile to plot all profiles on the same graph.
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3.5 Internal Boundary Layers over Simplified Arrays

3.5.1 IBL depth methodology

Sessa et al. (2018) developed an approach to defining the IBL interface by identifying
the abrupt change in gradient of the vertical Reynolds stress profiles. Following the
methodology of Sessa et al. (2018), the IBL depth for the pitched-roof array can be
estimated. Fig. 3.33 shows spatially-averaged vertical normal stress profiles over an
area of 2H(streamwise) x 12H(lateral) centred at x;, = 4H, 6H, ..., and 22H, marked
with 1, 2, ..., and 10, respectively. The spatial average is defined in Eq. 4.2, where

a= X, —H,and b = x;,, + H.

The colour lines with symbols denote the IBL interfaces. It is evident that the thermal
stratification suppresses the IBL growth. The IBL depth in Fig. 3.33 is evidently
greater than that over a flat-roof array with the same input settings, including
stratification condition Sessa et al. (2020). This confirms our early concluding remarks
that compared to the flat roof, the pitched roof enhances the mixing, significantly
increases the aerodynamic drag, and reduces the thermal stratification effect.
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FIGURE 3.29: Spanwise- streamwise (x/h = 2) averaged vertical velocity variance

for determining the IBL depth according to Sessa et al. (2018, 2020). Lines were con-

structed using the two set of data, one within the IBL and one above the IBL. vertical
extent of the intersection defines the IBL depth.
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One difference between the method shown here and that of Sessa et al. (2020) is the
use here of the comprehensive average across the whole of the repeat unit. Sessa et al.
(2020) uses laterally or spanwise averages made up of 60 points across the midpoint in
the streamwise direction between rows of buildings. This should not alter the results
too drastically, as the data specifically for the IBL depth prediction is above the canopy
height.

Fig. 3.29 shows the spatially averaged normalised vertical normal stress for the 2H
region between x/H = 17 — 19 for the pitched roof cuboid, with a strength of
stratification of Ri = 0.2.

This figure shows the formulation of the best-fit lines drawn from the two
approximately linear regions on the vertical profile of vertical normal stress. The two
solid black lines are the linear lines of best fit for each of the data given in hollow
green squares. The lines were constructed using a linear best fit. For example, in Fig.
3.29 the error of the fitting is as follows. For the data above z/H = 4, the error was less
than 1%, with a residual value of R = 0.993. For the data between z/H = 2 — 3, the
error was less than 2%, with a value of R = 0.985.

The intersection of the lines of best fit provides the approximation of the IBL depth at
that location, or as is the case here using spatial average data, the average depth across

the 2H streamwise region or repeat unit.

3.5.2 Simplified arrays - Roughness change

For the cases using the synthetic inflow generation, the IBL depth will grow from the
lead row of buildings due to this roughness change. Fig. 3.30 shows the IBL depth
taking into consideration the cuboid depth, then normalised by the cuboid depth. Fig.
3.31 shows the IBL depth considering the building height, normalised by the building
height. These two Figs. essentially tell the same story, which is easier understood by
looking at Fig. 3.31 for the buildings are all the same height. Compared to the data
generated by Sessa et al. (2020), it is easier to discuss the difference with Fig. 3.30 as
this is the normalisation method used in that paper.
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FIGURE 3.30: Internal boundary layer depths, using the method of Sessa et al. (2018,

2020), along the inflow domain for the simplified arrays, for neutral (pitched roof) and

Stratified (flat and pitched roofs) inflow conditions, normalised by the local building

height. Data is spatially averaged across each row, beginning at the front of the first

building and averaged across the span and 2H in the streamwise, Ri given in the figure
is the bulk Richardson number Rj,
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FIGURE 3.31: Internal boundary layer depths, using the method of Sessa et al. (2018,

2020), along the inflow domain for the simplified arrays, for neutral (pitched roof) and

Stratified (flat and pitched roofs) inflow conditions, normalised by the local building’s

streamwise extent. Data is spatially averaged across each row, beginning at the front

of the first building and averaged across the span and 2H in the streamwise direction,
Ri given in the figure is the bulk Richardson number R,
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Comparing the Neutral case firstly to the stratified flows for the pitched roof in Fig.
3.31, the stronger stratification does indeed limit the growth of the IBL; this was
shown previously by Sessa et al. (2020). Interestingly, the IBL for Ri;, = 1 seems to
have mostly stopped developing compared to the more weakly stratified flows, which
are obviously still growing in depth. Compared to the data shown by Sessa et al.
(2020) in which the IBL seems to stop developing for flat roofs after x/H = 17.5.

Flat roof data is provided here for the flat roof case of equal total height to that of the
pitched roof cases with a stratification strength of Ri, = 0.2. The IBL depth in the flat
roof case shows quite different behaviour. The extreme-ness of the flat roof cuboid’s
flat front produces a very thick IBL near the leading edge. At row 1, the IBL thickness
for the flat roof case is almost 3 times that of any of the pitched roof cases when taken
from the height of the canopy top 3.31. The growth rate of the IBL for the flat roof case
decreases more rapidly than that of the pitched roof case.

Fig. 3.32 visualises the IBL depth by plotting the IBL depth from Fig. 3.31 on top of the
spatially average vertical normal stress profiles, (w'w’), for both flat and pitched roof
cases. Given a longer fetch, the IBL depth over the pitched roof array would be thicker
than that over the array of flat roof buildings assuming the same inflow conditions for
the stable stratification of Ri, = 0.2. From this figure, qualitatively, it is very obvious

that the growth rate of the IBL between the two cases is quite different.

@)V

FIGURE 3.32: Spatially-averaged vertical normal stress profiles over an area of 2H

(streamwise) x 12H (lateral) centred at x;,, = 4H, 6H, ..., and 22H, marked with 1,

2, ...,and 10, respectively. The colour lines with symbols denote the internal boundary
layer interfaces for Ri, = 0.2 for a) Flat and b) pitched cases

The effect of stratification on the IBL depth is shown visually in Fig. 3.33. The IBL data
overlaid on the spatially average vertical normal stress profiles for the pitched roof
cases with increasing stratification strength of Ri, = 0,0.2,0.5, 1. The first three rows
all have a quite similar IBL depth; at location 4, they begin to split. The IBL depth in
the strongest stratification case, Ri;, = 1, could, given a longer fetch, begin to decrease
in height.
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FIGURE 3.33: Spatially-averaged vertical normal stress profiles over an area of 2H

(streamwise) x 12H (lateral) centred at x;,, = 4H, 6H, ..., and 22H, marked with 1,

2, ...,and 10, respectively. The colour lines with symbols denote the internal boundary
layer interfaces. a, ) Ri; =0, b, f) Ri, =0.2,¢,g) Ri, =05and d, h) Ri, =1

Fig. 3.34 demonstrates the method’s robustness to determine the IBL depth (Sessa

et al., 2018). Sessa et al. (2018) discusses that the step change and uniform height
cuboids provide a more obvious interface. The pitched roof array, for which the
proportion of solid to fluid volume linearly decreases to zero above 2/3#h, still has a
clearly visible interface. This could be assisted by the stratification damping the TKE
above the IBL and the pitched roof generating greater TKE than the flat roof case.
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FIGURE 3.34: Spanwise, 2H (streamwise) averaged dimensionless vertical normal
stress for the pitched roof case, 1.5H45°, with a thermal stratification of Ri, = 0.2.
Red lines are linear fittings to determine the IBL depth for each streamwise 2H strip

3.6 Summary

LES has been used to carry out simulations of the flow within urban boundary layers
over idealized arrays of cuboids with and without pitched roofs under neutral and
stable stratification conditions. The use of non-conformal Cartesian grids was shown

to produce similar spatially-averaged quantities (mean velocities, second-order
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turbulent statistics and dispersive stresses) compared to those from conformal
(body-fitted) meshes.

Results from PBC simulations with arrays of flat roof cuboids (with two different
overall heights) and pitched roof cuboids showed significant changes in the mean
flow and Reynolds stresses produced by the pitched roof cuboids, including increases
in turbulent momentum flux and drag for the three-dimensional pitched roof array
compared to both three-dimensional flat roof arrays. The packing density altered the
results considerably. With looser packing densities (16%), the pitched roof contributed
a similar total drag to the flat roof, irrespective of overall total height. The flow regime
for the tighter packing density (33%) differs substantially between the pitched and flat
roof cuboid, being wake-interference and skimming flow, respectively. For A, = 16%,
both cases exhibit wake-interference flow patterns.

Results from the STI simulations show that the internal boundary layer generated by
an array of pitched roof cuboids is quite different to that of the flat roof cuboid,
generating a shallower IBL. The effect of stable stratification was reduced by the
pitched roof cuboid, compared to that of the flat roof cuboid, with smaller differences
of turbulent momentum flux between subsequent increases in the strength of the

stable stratification.
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Chapter 4

Effects of complex geometry, terrain
and stratification

This chapter discusses the validation of the CFD data to the experimental
PIV-captured flow field data. The sensitivity to the inflow conditions will be shown,
comparing the differences between a simulated urban boundary layer (Counihan,
1969) and a naturally grown turbulent boundary layer. Mesh sensitivity will also be

shown comparing cases given in Table 2.5.

In order to fully understand the terrain effect on the flow within the urban canopy, it
was decided to focus on comparing the flat case (SF8) to a case with the same building
array with the real terrain (ST8). The effect of stratification is also shown; this is
applied to both the flat and terrain cases.
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4.1 Validation

4.1.1 Validation of flow simulation around Semi-realistic array, CFD and
PIV

The meshing strategy developed in Section 2.3.1 is used for the SF8 and ST8 cases,
using the realistic urban geometries of the Highfield campus, University of

Southampton. Firstly, validation against the flume data is carried out.

All roofs within the domain are simplified to flat roofs for the CFD and water tunnel
models. From the previous discussion, section 3.2, 45° pitched roofs will impact the
flow field. However, within the campus, most roofs are industrial-style flat roofs.
Outlying suburban housing was also simplified to have flat roofs, but this region is

not of interest within the scope of this study.

Experimental velocity measurements were captured using PIV. PIV data was sampled
for 600s, creating image pairs at a rate of 2Hz with 1.2ms time separation between
particle images. The CFD was sampled at At = 1.2s and averaged for 100,000s. The
CFD is simulated at full length scale, and the kinematic viscosity, v = 0.00045m2s~1,
was scaled to match the Reynolds number between FF8 and SF8, Re;, = 16,000. The
Reynolds number for the PIV was Rej, = 5,000, which is suitable to achieve Reynolds
number independence given the current geometry (Xie and Castro, 2006). The
averaging period, velocity and characteristic length give the turn-over time. The
turn-over time is defined as the number of times flow passes a certain distance,
cycles = (UT)/h. Here, the distance is defined as the average building height /1, the
averaging time is given by T, and U is the mean freestream velocity. This gives
192,500 cycles for the PIV and 2, 360 cycles for FF8. This study uses the same
measurement setup and technique used by Lim et al. (2022).

The uncertainty in the experimental results due to measurement techniques is
estimated to be roughly 1.5% for the velocity measurements. This is visually
represented as the width of the markers in the following figures and corresponds to
the maximum uncertainty. It should be noted that for the CFD data, the data across
the entire plane is available, but the PIV data can have a reduced field-of-view due to
the angle between upstream and downstream buildings shielding the laser sheet. This
is somewhat reduced by using multiple cameras.

Figs. 4.1 and 4.3 show a comparison between the naturally grown turbulent boundary
layer in the flume and the LES case FF8 (Table 2.5). Vertical profiles of mean
streamwise and vertical velocity are shown (Fig. 4.1), and 45, Wyms and u'w' are
shown (Fig. 4.3) at 14 locations (Fig. 4.1) with spacing Ax = 2.5h and starting at

x = 13.3h.
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Loc. 14
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FIGURE 4.1: 14 vertical profiles (locations detailed in Fig. 2.17, location 7 is given and

spacing between locations is 2.5h) of mean velocity at streamwise locations, squares -

PIV data showing every fifth data point, solid line - LES data. Showing a) PIV (camera

1 -red, camera 2 -blue) and LES (black)(FF8 in Table 2.5) vectors on a vertical across

plane at y=104m detailed in Fig. 2.17, b) Mean normalised streamwise velocity and c)
mean normalised vertical velocity at different streamwise locations.

Fig. 4.1 shows that there are slight under-predictions at some locations, but all the LES
mean axial velocity data are within 5% of the experimental values. The vertical
velocity differs slightly more, but agreement between the mean velocity profiles in
Fig. 4.1 appears as good as might can be expected when comparing to PIV data from a
1:1000 scale model.

Fig. 4.2 shows the in-plane mean normalised velocity contours for the PIV and CFD
cases. The agreement qualitatively is very good. There is little visible difference
between the streamwise mean velocity contours. The vertical velocity contour for the
PIV (Fig. 4.2¢) is noisier than the streamwise velocity, as is expected, being one order
in magnitude smaller. The vertical velocity peaks are well captured by the CFD, and
even the street-canyon style flow can be seen in both cases at x/h = 27 — 29. The
stitching of the data from each camera to form a single contour was achieved through
linearly weighting within the overlap region.
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FIGURE 4.2: Streamwise and vertical velocity contours for CFD and PIV data. For PIV
(a,c) and CFD (b,d)

Agreement of the mean velocity profiles is as good as can be expected from the
small-scale PIV testing carried out; there are slight under-predictions at some
locations. However, all the CFD data falls within 5% of the experimental values for the
mean axial velocity. The vertical velocity differs slightly more, but the agreement is
deemed acceptable.
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FIGURE 4.3: a) normalised axial velocity fluctuation r.m.s, b) normalised vertical ve-
locity fluctuation r.m.s. and c) normalised vertical Reynolds shear stress. Symbols and
lines are the same as in Fig. 4.1b.

Fig. 4.3 shows profiles of the r.m.s. axial and vertical velocity fluctuations and the
mean vertical Reynolds shear stress. The agreement for both of the normal stresses is
generally very good. There is a small under-prediction of the peak values which occur
close to the ground and building surfaces, for example, in the fourth profile in Fig. 4.3,
but also an over-prediction of vertical turbulent momentum flux between profiles 6-8,
again close to building surfaces (apart from location 7 which will be discussed in the
following section).

It should be noted that in the near wall regions, the PIV data is affected by the
high-intensity reflections from the model’s surface, which makes gathering
high-quality data in this region essentially impossible using this particular setup Lim
et al. (2022). Away from the wall, the agreement is very good in regions dominated by
free shear layers downstream of the elements, which create free shear layers devoid of
reflections of the laser sheet. Overall, the LES data with the flume inflow turbulent
quantities are in promising agreement with the experimental data.

A double peak can be seen in the Reynolds shear stress at location 8 within Fig. 4.3 for
the LES and experimental data. It is less clear in the PIV data, but it is still visible
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when plotting all data points. A recirculation formed in this typical long street canyon
creates a negative streamwise velocity at the ground (Fig. 4.1b). The Reynolds shear
stress’s upper peak is around z/h = 2.5. This is caused by the free shear layer from the
upstream building, which has convected downstream but forced upwards. The lower
peak is generated by the building directly upstream.

Fig. 4.4 shows the in-plane normal stress components along with the Reynolds shear
stress for both the PIV data and FF8 with the inflow prescribed from just upstream of
the PIV array. It is possible to see, close to the wall, where values for the stresses in the
PIV data are very high. As noted previously, gaining high-quality data in the
near-wall region is almost impossible. Away from the wall, the peak locations are well
represented in the CFD. Both normal stresses have similar distributions, and the peak
values are close, within 15%. The Reynolds shear stress is slightly over-predicted in
the CFD results, but the prediction of the locations of the peak values are in good

agreement.

The noise seen in the PIV contours is likely due to the averaging period compared to
that of the CFD. The averages for the PIV and FF8 are made up of 2000 and 83, 000
time steps, respectively. The relatively low number of data points included within the
averaging period for the PIV is the most likely cause for the noisy/grainy look of the
PIV contours in Fig. 4.4.
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FIGURE 4.4: Streamwise and vertical r.m.s. velocity and Reynolds shear stress con-
tours for CFD and PIV data. Prescribed turbulent inflow data for CFD taken from PIV
flat plate data, inflow profiles are given in Fig. 4.5. For PIV (a,c,e) and CFD (b,d,f)
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To summarise, as noted previously, the data for the PIV case near the ground

(z/h < 0.25) is unusable. Due to reflections from the laser sheet and the reduced
number of seeding particles compared to the flow away from the wall. Overall the
agreement is sufficient. Peak locations seem to match well. There is under-predication
in the normal stresses. It is argued that due to the Reynolds shear stress being only
slightly over-predicted that the CFD is sufficiently accurate. This study uses the same
measurement setup and technique used by Lim et al. (2022), and the agreement here is
similar to that was shown, which was deemed acceptable considering the challenges

of small-scale PIV discussed previously.

4.1.2 Sensitivity to incoming turbulence

In order to test the sensitivity to incoming turbulence, FF8 will be compared to a case
using the same geometry but different turbulence intensity inflow conditions. These
new inflow conditions (Fig. 4.5) are from what is called a simulated urban boundary
layer from the EnFlo wind tunnel at surrey university. The wind tunnel inflow data
prescribed at the inlet is taken from Xie and Castro (2009), used for the DAPPLE
project (Arnold et al., 2004). Wind tunnel measurements of the primary stresses and
vertical Reynolds shear stress were taken upstream of the measurement domain,
within a simulated urban boundary layer (Counihan, 1969). The simulated urban
boundary layer is a term defined by Counihan (1969) to describe a boundary layer
created in the wind tunnel, which uses large spires and two-dimensional roughness
elements to generate turbulence with appropriate length scales upstream of the
measuring location. The turbulence was generated through the use of spires far
upstream and two-dimensional roughness elements leading to the experimental
domain. This data was scaled to give the stress profile peak at the average canopy
height, i = 16m. This was to simulate the effect of upstream roughness with a similar
vertical extent. The profiles are typical of an urban area and will therefore be
compared to the inflow conditions of the PIV data, which is a naturally grown smooth
wall turbulent boundary layer. The inlet boundary condition prescribed mean
streamwise velocity and inflow turbulence profiles are shown in Fig. 4.5. The inflow
profiles for FF8 (Fig. 4.5c and Fig. 4.5d) were taken from the flat plate vertical profiles
at the PIV measuring location, where The model was removed and replaced by a flat
plate. The spanwise normal stress was approximated from v;;s /1. = 1.5, (Xie et al.,
2004).
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FIGURE 4.5: Prescribed mean streamwise velocity and inflow turbulence profiles.

Normalised prescribed vertical profiles of a) mean streamwise velocity for SF8, b) nor-

mal and Reynolds stresses for SF8, c) mean streamwise velocity for FF8 and d) normal
and Reynolds stresses for FF8

Figs. 4.6 and 4.7 show a comparison of mean velocities and turbulent statistics at
location 7 (x = 460m, y = 104m in Fig 2.17, and x = 28.8h in Fig. 4.1a), between
different inflow conditions and different resolutions. This location was chosen as it

replicates a street-canyon type flow which has well-understood flow features.

Figs. 4.6 show that the difference in mean velocities, especially within the canopy,
between FF8, SF8 and SF12 is very small. The effect of inflow turbulent quantities on
mean flow is small within and just above the canopy, even for local results. This is due
to the flow within and just above the canopy being within the IBL generated at the
leading edge of the building array. The vertical velocity within and immediately
above the canyon can be difficult to predict accurately, being more than one order of
magnitude smaller than the streamwise velocity. It is also very sensitive to the location
at which the data is sampled. As this location is the centre of a street-canyon like flow,
moving slightly upstream or downstream would drastically change the vertical
velocity, this cannot be said for the streamwise velocity. The overall shape is repeated
for each of the vertical velocity profiles.
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FIGURE 4.6: Vertical profiles of mean velocity at location 7 (x =460m, y = 104m in Fig.
2.17. x=28.8h in Fig. 4.1a). a) Mean normalised axial velocity, b) mean normalised
vertical velocity.

Above the canopy, there is a slight difference caused by the different inflow
conditions. In the less turbulent case, FF8 experiences less TKE. Therefore there is a
slightly higher velocity, and this difference is roughly 5%.

All three cases closely agree on the peak of the streamwise and vertical r.m.s. with
only a discrepancy of roughly 5%; the peak value of the vertical rm.s. is very close.
The Reynolds shear stress peak also shows a quite close between FF8 and SF12, where
SF8 seems to predict a thicker shear layer, but the peak value is close to that of the
other cases if located slightly deeper within the canopy. Below z = 1.5h, the difference
is small. This again confirms that, as in Xie and Castro (2008), the LES results within
and immediately above the canopy are not sensitive to the inflow turbulent quantities
if they are not too unrealistic, and the distance of the sampling station from the inlet is
large enough (e.g. larger than 14 times the canopy height).

There are clear differences above the canopy in the profiles of the 2" order velocity
moments and turbulent statistics between the three cases (shown in Fig. 4.7).
Particularly above z = 1.5k, which is the height of the building upstream of location 7.
Above z = 4h, the difference is substantial due to the large difference in the turbulence
prescribed between the two inflow conditions. The flow above the IBL would be
representative of the roughness upstream or, in this case, the surface that generated
the prescribed profiles.
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FIGURE 4.7: Same as in Fig. 4.6, but for a) normalised axial velocity fluctuation r.m.s,
b) normalised vertical velocity fluctuation rm.s. and c) normalised vertical Reynolds
shear stress.

Spatial average data for the northern half (+Y) of the domain (see Fig. 2.18 for clarity)
is shown for cases SF8 and FF8 in Fig. 4.8. The smaller spanwise extent of this region
was chosen to focus on the region encompassing the buildings within the domain,
without the regions of flat terrain surrounding the building group. The inflow
conditions seem to have little effect on the velocity within and just above the canopy.
Above the canopy, there is also little difference between FF8 and SF8. Averaging over
the downstream half of the domain, from & = 29h to h = 56h, a slight increase in the
velocity profiles over the entire domain average. This is likely because this region
includes a significant distance downstream that is devoid of buildings. The overall

blockage of this area is less.



110 Chapter 4. Effects of complex geometry, terrain and stratification

10 - 10
SFS :
— — _FF8 [
_____ SF8 29h — 56h /
........... FF8 29h — 56h ¢
= : =
S Rl
0

=,
0 — 0 ' '
(c) © 0.005 0.01 0.015(d) 0 2 4 6

(ww') /U, (—uw) /UL 10

FIGURE 4.8: Spatial average data for the whole building region and downstream half
for SF8 and FF8 showing the normalised a) Mean streamwise velocity, b) streamwise
stress, c) vertical stress and d) Reynolds shear stress

Unlike the local results, the spatially averaged peak normal stresses are around 25%
and 15% higher for the normal streamwise and vertical stress, respectively. The
Reynolds shear stress is around 10% higher for the simulated urban turbulent
boundary layer inflow (SE8). Considering the prescribed peak value of Reynolds shear
stress was in the region of 2.5x higher, this result is quite satisfactory. Averaging over
the downstream half of the domain, from & = 29k to h = 56k, shows almost identical
peak values and distribution for the normal streamwise stress to that of averaging the
entire domain. The vertical stress has increased by around 10%, and the Reynolds
shear stress is also 10% higher when compared with the total spatial average. This
region, being further downstream from the leading edge of the building array has
allowed the IBL to develop.

Spanwise averaged contours are shown for streamwise, spanwise, vertical stresses,
and Reynolds stress in Figs. 4.9, 4.10, 4.11 and 4.12 respectively. The spanwise
averaged streamwise stress (Fig. 4.9) shows a good qualitative agreement in the peak
location and distribution, especially within the canopy. The main difference is the
magnitude of the peaks, which for FF8 are around 2/3 of that for the SF8 case. The
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difference between SE8 and FF8 is extremely clear above the canopy due to the
different prescribed turbulent inflow profiles.
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(b) z/h
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FIGURE 4.9: Spanwise averaged, normalised streamwise normal stress contours for a)
SF8 and b) FF8

The spanwise averaged spanwise stress (Fig. 4.10) shows less sensitivity, within the
canopy, to the change of incoming turbulence at the inlet than the streamwise stress.
The peak values look to be quite similar, around a 15% decrease for FF8 compared to
SF8. Again, qualitatively the agreement of the distribution looks to be similar between
both cases.
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FIGURE 4.10: Spanwise averaged, normalised spanwise normal stress contours for a)
SE8 and b) FF8

Shown in Fig. 4.11 is the spanwise averaged contour for vertical stress. The vertical
stress is indicative of the internal boundary layer depth, as discussed previously and
shown by Sessa et al. (2018). Qualitatively, it is possible to see the difference in average
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thickness across the span of the building region. Using the updated method of Sessa
et al. (2018) this can be quantified for this spanwise averaged data. This is discussed in
section 4.4 for SF8. The interface of the IBL for FF8 should be significantly clearer than
for SF8.
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FIGURE 4.11: Spanwise averaged, normalised vertical normal stress contours for a)
SF8 and b) FF8

The spanwise averaged Reynolds stress (Fig. 4.12) shows a similar sensitivity to the
inflow conditions for the peak values. Again, the general shape and magnitude of the
contours are similar in both cases. The magnitude of the first peak, x/h = 25 — 27 is
around 30% larger for SF8. The peak downstream, beginning at x/h = 36 is much
closer between the cases, with SF8 being only 13% larger, at (—u/w’) /U2, = 0.0076 for
SE8.

FIGURE 4.12: Spanwise averaged, normalised Reynolds stress contours for a) SF8 and
b) FF8
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As was discussed previously, the IBL depth is key to accurately predicting vertical
spreading downstream of a scalar plume. Here, the IBL depth has been shown to be
quite dependent on the turbulence upstream of the roughness step change. The
different inflow conditions applied effectively creates a change in the ratio of
roughness lengths for the two inflow conditions. The step change in roughness size
gives rise to the growth of an IBL. The IBL height is estimated using the method of
Sessa et al. (2018). The FF8 case exhibits a thinner IBL due to the effective change in
roughness upstream, with the results shown in table 4.1. It should be noted that this

IBL thickness is local to this location.
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FIGURE 4.13: spanwise average flow quantities averaged across x/h = 2 streamwise

strips for SF8 and FF8 showing normalised a) streamwise mean velocity b) stream-

wise normal stress, c) vertical normal stress and d) Reynolds shear stress. For the

streamwise regions, where x1, xp, x3 refer to the regions 4h — 6h, 16h — 18h, 28h — 30h
respectively.

Fig. 4.13 shows the spanwise averaged normalised mean streamwise velocity,
streamwise and vertical normal stresses and the Reynolds stress for different
downstream regions. This is to help quantify the growth of the integral boundary
layer with downstream distance. For the downstream regions: 41 — 6h, 16h — 18h,

28h — 30h, the spanwise averaged internal boundary layer thickness is reported in
table 4.1. The growth of the IBL is affected by the inflow conditions. However, given a
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long enough fetch, it should be possible for the IBL of both SF8 and FF8 to attain the
same depth.

Case 4h=6h 16h=18h 28h=30h
FEF8 3.2 4.2 4.7
SF8 3.9 4.6 5.1

TABLE 4.1: Internal boundary layer depth according to the method of Sessa et al.
(2018)

The normalised w,,;s was used to estimate the IBL thickness (Sessa et al., 2018); the
largest residual for the linear fitting was 7%, giving a maximum error of the thickness
of the layer as +0.1h. SF8 generates a far thicker IBL at the leading edge, but they are
converging with downstream distance. In the centre of the building array, the IBL is
roughly 1/2h thicker when typical turbulent stresses for urban areas were prescribed,
when compared to the naturally grown smooth wall turbulent boundary layer for FF8.

In real situation, the incoming boundary layer can be quite different (more than the
difference between SF8 and FF8). The results show the importance of inflow
conditions on the local IBL thickness. As was shown by Sessa et al. (2020), the vertical
spreading of scalar sources is driven by vertical turbulent motions within the IBL and
canopy layers (Hertwig et al., 2018). Therefore, it would be sensible to suggest that
correct prediction of the IBL depth would lead to more accurate ground-level
concentrations, as it is not unreasonable to suggest this would have an impact on the
downstream concentration of scalar sources near the ground downstream of a change
in roughness, as the vertical spread of the scalar is mostly capped by the interface at
the top of the IBL (Sessa et al., 2018). Given a long enough fetch, the IBL thickness
would converge it seems; however, this is in excess of 30h downstream for this

building array.

The Reynolds stress for the downstream regions is highly dependent on the buildings
just upstream of the averaging region. The large peak value for SF8 at 16k — 18h is
larger compared to the more uniformly vertically spread peak value downstream at
28h — 30h, around 4/5 of the centre region. The velocity field for SE8 and FF8 within
the canopy (fig 4.15) shows the large buildings that take up a large spanwise extent of
this region and are almost aligned perpendicular to the oncoming flow. These
buildings lead to a large peak of Reynolds stress, as discussed previously, in location 7
(4.1). As can again be seen, the velocity field within the canopy is negligibly affected
by the incoming turbulence prescribed at the inlet.

If the location of interest is far enough downstream, the IBL will become sufficiently
developed, so the turbulent quantities within and just above the canopy will be
indicative of the underlying surface. As is shown in Fig. 4.13 the difference between
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each subsequent downstream region becomes smaller, especially for the Reynolds
stress. The distance allowed for flow development should be set to be a minimum of
16h from the leading edge of the array for cases where the accuracy of the inflow
conditions is unknown. This would provide an IBL depth with an error within 10%.

For more appropriate prescribed inflow conditions, this distance could be lowered.
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FIGURE 4.14: spanwise average flow quantities averaged across x/h = 2 streamwise

strips for SF8 and FF8 showing normalised a) streamwise mean velocity b) stream-

wise rm.s. velocity, c) vertical rm.s. velocity and d) Reynolds shear stress. For

the prescribed inlet values compared to the streamwise regions 0 = 0h — 2k and
32h = 32h — 34h.

Fig. 4.14 compares the inlet prescribed vertical profiles to the spatially averaged
quantities at the leading edge and mid fetch region x = 32h — 34h. The mean velocity
profiles prescribed for FF8 and SF8 are given, compared to the spanwise averaged
strips (Fig. 4.14a). The streamwise turbulence prescribed for SF8 and FF8 is shown in
Fig. 4.14b.

The 1,5 decays from the prescribed values to the leading edge for FF8. Between the
leading edge and the centre of the streamwise fetch u,,,s changes very little above the

internal boundary layer. It does not decay above the IBL from the prescribed values at
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the inlet for SF8. The peak values of u,,s are considerably smaller at both averaging
regions compared to the difference between the inlet profiles.

The w;;s is shown in Fig. 4.14c along the fetch of the domain for both FF8 and SFS8.
Decaying very slightly for FF8 and growing very slightly for SE8. The peak values of
Wyys are quite similar between FF8 and SF8 for the two spatial averages. This
difference is smaller than that of the difference at the inlet at z/h = 1. The Reynolds
shear stress is shown in Fig. 4.14d. The prescribed peak Reynolds shear stress for SF8
is 3x that prescribed in FF8. However, in the strip from x/h = 0 — 2, the peak
Reynolds shear stress generated in FF8 is approximately 20% higher than SF8.

Within the canopy, the velocity, qualitatively, is shown to have little difference
between inflow conditions (Fig. 4.15). It is useful to look at contours as they show the
full flow field across the x — y plane, as local peaks may be differ significantly while
spatially averaged data can show good quantitative agreement.

5 10 15 20 25 30 35 40 45 50 55

FIGURE 4.15: Streamwise mean velocity within the canopy at z/h = 1 for a) SF8 and
b) FF8

It can be suggested that as long as appropriate boundary conditions are used, the
velocity field generated will be more than adequate. The results show that the
difference between inflow turbulence levels is small within the canopy, given
sufficient time to develop. In the region just above the canopy, the difference is also
small. For wind loading use cases applying approximate inflow profiles would be
sufficient. Prediction of the turbulence profiles within the domain, especially local
profiles, will also not be drastically affected by the prescribed turbulent profiles at the
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inlet. Spatial averages within the domain have shown some sensitivity to inflow
conditions both above and within the canopy. The greatest effect inflow conditions
have is on the vertical extent of the internal boundary layer thickness. If the vertical
spreading of a ground-level source is of particular importance, appropriate prescribed

profiles or incoming turbulence from a precursor simulation should be used.
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4.2 Comparing flat and real terrain

4.2.1 Effects of terrain treatment on flow quantities

Fig. 4.16 shows the mean axial velocity and Reynolds shear stress profiles at the same

14 locations as shown in Fig. 4.1.

The terrain effect is visible on the velocity profiles; there is clearly a higher velocity
within the canopy in locations 5,6,7. Further downstream, the difference is much less.
Locally the building height can be different, which is visible at location 8, as the local
ground height makes this building shorter in this location. The effect on the Reynolds

shear stress is visible but difficult to generalise from vertical profiles.

FIGURE 4.16: Vertical profiles of a) mean axial velocity, and b) Reynolds shear stress
at the 14 locations shown in (4.1).

The campus has a somewhat clustered nature to the layout of the buildings. As shown
in Fig. 4.17. Significant Reynolds shear stress can be seen at locations 5, 6 and 7 in Fig.
4.16. These locations are within an open area (a car park) and are downstream of a
clustered group of buildings. These buildings are labelled as buildings 2 and 3 in Fig.
4.17 and a building just off the south of this (building 4 in fig 4.17). Channelling occurs

between buildings 2 and 3, forcing the fluid into the open region. This region is
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dominated by the faster moving fluid on the north side of the dashed line and the
slower region in the wake of buildings 2 and 3.
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FIGURE 4.17: Contour of time mean streamwise velocity of the north half of the build-
ing array across a plane at z/h = 1. Building label ID’s and dotted line showing plane
location.
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FIGURE 4.18: Contour of normalised Reynolds stress at a&b) x/h = 25.5, c&d) x/h =
27 and e&f) x/h = 28.5 for SF8 (a,c,e) and ST8 (b,d,f) Y values need changing
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It was expected to ‘see” large Reynolds shear stress at the building top in the street
canyon between buildings 5 and 6, as found in typical canyon flows. However, as
shown in Fig. 4.18 the surrounding buildings cause lower Reynolds stress around
building 5 at the canopy top and for the leftmost half of its spanwise extent, it is much
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reduced due to the surrounding buildings. This is caused by the funnelling between
buildings 1 and 2. The flow within the gap between building 5 and 6 goes towards the
north (positive y direction) even though the buildings are aligned a few degrees
counter-clockwise away from the perpendicular. Due to the placement of building 5
and 6 and the orientation of buildings encompassing them, the flow direction in the
canyon is approximately 80 degrees to the free-stream flow direction. Small amounts
of Reynolds shear stress are visible at the building top in Figs. 4.18ef; this is the shear
layer from the building top, the peak of which approximately 1/2 of that of the peaks
from the surrounding buildings.

The terrain seems to reduce the Reynolds shear stress peaks slightly in Fig. 4.18. The
peaks on the right-hand side, around y/h = 10 — 15, are closer to the ground due to
the terrain roll-off in this region.

The domain height for ST8 is slightly shorter at the inlet, around 24% less. There is an
expansion of around 20m in the vertical direction at the inlet. This accounts for a
slowdown in the freestream velocity of 3% for ST8 compared to SF8. This accounts for
the mean flows looking somewhat similar overall, but ST8 having a slightly lower
velocity towards the end of the domain in Fig. 4.19.
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FIGURE 4.19: Mean streamwise velocity across an x, z plane at y = —210m shown in
(Fig.2.18) for a) SF8 and b) STS.
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FIGURE 4.20: Vertical profiles of a) streamwise mean velocity, b) streamwise normal
stress, c) vertical normal stress and d) Reynolds shear stress for each of the four mea-
suring stations, station 1 at x/h,y/h = 18.25, —4, station 2 at x/h,y/h = 21,—-6.5,
station 3 at x/h,y/h = 20.75, —9.5 and station 4 at x/h,y/h = 23.5, —14 (See Fig. 2.19)

Perhaps not surprisingly, the terrain effect on the local flow and turbulent quantities
differs substantially from place to place. We focused on four typical stations which
were located in the valley (see Fig. 2.19). Fig. 4.20 shows vertical profiles of mean
streamwise velocity at the four stations for the flat and real terrains. At station 4 the
mean streamwise velocity is significantly affected by the deep and wide valley at

y = —210 m. At station 3, the effect of the valley is still evident. At stations 1 and 2,
the terrain effect on the mean streamwise velocity is much less; this is because of the
shallow valley at y = —28 m and —102 m and the tall building immediately upstream
of them.

Fig. 4.20b, c and d show the normal stresses u'u!, w'w' and Reynolds shear stress w'w’,
respectively. These second-order turbulent statistics are highly dependent on the local
terrain and the upstream buildings. It would be extremely challenging to set up a
simple method to account for the terrain effect and, therefore, to correct the turbulent
stresses obtained from a flat terrain model.

Locally, the flow velocity can differ from the effects of terrain quite substantially. The
time-mean of the streamwise velocity component is given in Fig. 4.20. At stations 3

and 4 the mean streamwise velocity is affected substantially. All four stations show
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smaller flow velocities above the canopy for ST8. At the average canopy height, the
streamwise velocity is roughly half for (ST8).
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FIGURE 4.21: Dimensionless axial velocity at 4 spanwise locations (given in Fig. 4.20)
at 3 above the average ground level

Fig. 4.21 shows four streamwise mean velocity profiles respectively at y = —28 m,
—102 m, =152 m, and —210 m, and z4¢1 = 48 m (3h) (see Fig. 2.19). of which the
spanwise coordinates y (Y Loc.1, Y Loc.2, Y Loc.3 and Y Loc.4) are, respectively, as the
same as the 4 stations (sta.1, sta.2, sta.3, and sta.4) in Fig. 4.20. Overall, the mean
streamwise velocity at z4cr.= 3h is higher over the flat terrain (SF8) than over the real
terrain (ST8). This confirms the early concluding remark (e.g. from Fig. 4.30). For the
Y Loc.1 profile, there is a peak negative velocity at approximately x = 700 m, which is
close to the tallest building in the array and is lower than that building.

The streamwise velocity above the canopy is greater within the flat domain across a
large portion of the domain, as shown in Fig. 4.22. The velocity was sampled at 36m
AGL for every location, the local ground height. In the case where the terrain is
included, Fig. 4.22b, the low-velocity region extending in the spanwise direction
follows quite closely the valley in that region. The buildings shown in this figure show
the building locations; however, most of these buildings are not present at this height
AGL. It is to purely represent their location and to remove any discontinuities in the
contour. Still far away from the ground, the effects of the terrain can still be seen in the
streamwise velocity contours. At this height, the effect of singular buildings is difficult
to discern. The effect of the terrain, however, is still clearly visible. Even though the
terrain height change is a similar order to that of the buildings, and smaller in some
regions.
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FIGURE 4.22: Dimensionless streamwise velocity at z4gr /h = 3 for a) SF8 and b) STS.

Due to the terrain effects, there is greater streamwise flow velocity within the canopy
at1/2h AGL (Fig. 4.23). Buildings upstream can be "hidden” due to terrain roll-off.
Downstream buildings are then more exposed to higher flow velocities deeper within
the canopy. At the southwest corner of Figs. 4.23a and 4.23b, the channelling effect is
reduced between the large building ( with extent from x/h,y/h = 12, -9 to

x/h,y/h =16, —2.5, and the 3 smaller elongated buildings, located between
x/h,y/h=11,-10to x/h,y/h =19, —15.5. Upstream of x/h = 10, the terrain is
roughly at the roof line of the smaller buildings, thus shielding these buildings.

However, ST8 exhibits stronger channeling downstream between x/h = 25 and

x/h = 35. This region of the domain has a higher elevation than the upstream region.
Upstream buildings are shielded by the terrain, reducing effective exposure. The deep
valley that runs almost spanwise through the domain reduces the absolute height of
the buildings, which further reduces the effective frontal area seen by the flow of the
upstream buildings. This, coupled with the higher elevation in this region, produces a
higher streamwise convection through this region of the canopy.
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FIGURE 4.23: Dimensionless streamwise velocity at z4gr./h = 0.5 for a) SF8 and b)
STS.

To quantify the terrain effect on the local mean velocity, the ratio of mean streamwise
velocity is defined,

IUr(x,y,zacL)|l
||uF(x/yrZAGL)||

Usrs/Usps = (4.1)

where ||Ur(x,y,zacL)| and ||Ur(x,y,z4cL)]|| are the absolute values of the mean
streamwise velocity for the real terrain case ST8, and the flat terrain case SF8,
respectively. Changes in the ratio of velocity magnitude coincide with the elevation
within ST8. The elevation through the domain is shown, along with the ratio of
velocity magnitude at z4cr /h = 3 in Fig. 4.24c.

Fig. 4.24a shows the elevation contours of the real terrain in the valley region
(0 <x/h <40, —15 <y/h <0). Over this region, the ratio Ugrs/Usgrg of the
mean-streamwise velocity at z4cr. = 9 m is shown in Fig. 4.24b. It is to be noted that
the fluid regions above buildings are not shown. Changes in the ratio contours of the
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streamwise velocity correlate positively with the elevation contours in Fig. 4.24a.
Usually, a high elevation on a location in Fig. 4.24a is associated with a high ratio
Ugrs/Ugrg on the same location in Fig. 4.24b. Such correlation is also visible at

zZacL =36 m shown in Fig. 4.24c. This correlation is certainly due to local variation of
elevation, suggesting that some corrections for the wind velocity within and
immediately above the canopy must be carried out to take into account the local
terrain variation as well as the global slope (see Fig. 4.30a-b), when a flat terrain has to
be used in experiments or numerical simulations. The ratio Usts/Usrs of the
mean-streamwise velocity is less than unity across most of the domain, as shown in
Fig. 4.24, which is consistent with that in Fig. 4.30.
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FIGURE 4.24: a) elevation of the ground in ST8, b) the ratio of the mean-streamwise
velocity for ST8 and SF8 at points z4c1/h = 0.5 and c) also shows the ratio of mean
velocities at zagr. /h = 3.
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The up-slope and down-slope boundary layer effects are similar to that for the
boundary layer within a half-diffuser or the boundary layer over a wing without
separation. There exists a negative or favourable pressure gradient for the up-slope
condition, and the opposite is true for the down-slope, where a positive pressure
gradient occurs. Approaching the top of the hill, there is a speed-up within the
boundary layer close to the surface (Taylor, 1998). Cindori et al. (2020) reviewed the
effects, including the mean speed up at the crest of a simple sinusoidal hill, where the
mean speed up is shown to be present for flows over both smooth and rough hills
(Safaei Pirooz and Flay, 2018).

The effect of terrain can still be seen high above the canopy, Fig. 4.22, even when the
effects of single buildings are difficult to distinguish. The mean speed up is still visible
even at z/h = 3 above the ground level. Fig. 4.25 shows the elevation of the terrain
and buildings. The elevation across line a (Fig. 4.25) goes from —3m down to a
minimum of —17m up to —7m. Across line b (same figure), the terrain elevation goes
from —5m down to a minimum of —25m up to —9m. The overall slope here is present,
but the terrain change is significant; the terrain decreases in height by 20m and
increases again by 16m. The change in the height of the terrain occurs over much
larger distances, taking roughly 16/ to descend 1/ (slope of roughly -1 in 16) between
x/h =75 to23. From x/h = 23 to 30, the change in height is roughly 1/ over a
downstream distance of 7h. The buildings typically have downstream extents
averaging about 3h. The greater extent over which the terrain height change occurs
could be the reason why the flow high above the canopy is still directly affected by the

terrain elevation.
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FIGURE 4.25: Terrain and building elevation contour with buildings labelled, lines are
defined for terrain height comparison.

A secondary effect of the terrain is to shelter buildings from the upstream flow or
increase the exposure of downstream buildings. The relative building heights are
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quite different when the terrain is included, ST8, compared to the flat domain, STS.

From analysing the data, the flow seems to follow the terrain. This is shown as the
higher speed region seen in front of the building at x/h,y/h = 12, —4.5 in Fig. 4.23.
Further downstream, the terrain which leads to the building centred at

x/h,y/h = 23,—-12.5, is significantly reduced in elevation compared to the buildings
downstream. The relative differences between the buildings labelled in Fig. 4.25 are
shown in Table 4.3. The average building height of each building labelled in Fig. 4.25
for ST8 was calculated by averaging the height of the building around its perimeter.

Building Height (m)
Case 11 12 13 14 15 16 17 18 19 20 21
SF8 21.1 193 11.3 159 159 20.6 19.3 155 284 140 314
ST8 173 11.8 42 126 80 9.8 11.1 11.8 40 18.8 219

ST8(av) 215 17.1 13.6 154 143 12.7 10.2 83 242 11.0 30.7

TABLE 4.2: Building height relative to the campus centre location (x/h,y/h =
27.5,—5), ST8(av) gives the average building height around the building perimeter.

The effective height of each of the buildings compared to the fixed point

(x/h,y/h = 27.5,—5) is shorter for almost every building due to the terrain height
changes. This demonstrates the shielding that occurs due to the terrain changes. This
location was chosen as it is close to the geometric centre of the array, and sits upon a
high point within the campus, the most exposed region. The table shows that the
average height of a building around its perimeter can be quite different to its
maximum height (SF8 data in 4.3 is essentially the maximum height of a building

around its perimeter and also the height relative to the campus centre location).

The dimensionless turbulent kinetic energy at z4g;, = 9 m is shown in Fig. 4.26. In
most of the area, the TKE over the real terrain within the canopy is evidently reduced
due in part to the global down-slope (or diffuser) effect. This is consistent with Fig.
4.30c. Such global diffuser effect on the TKE is so great that the effect due to the local
elevation variation is only visible just downstream of the valley (e.g. 21 < x/h < 25,
—15 <y/h < 0), where the TKE for ST8 is greater than that for SF8. Shielding of a
building by the terrain also plays a part. The inclusion of terrain in this case makes the
surface effectively less rough. the increased velocity through the canopy show there is
a smaller drag contribution provided by the buildings. In the case where inclusion of
the terrain is neglected, local turbulence generated within the canopy will be
over-predicted.
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FIGURE 4.26: Dimensionless turbulent kinetic energy at z4; = 9m across the domain
for a) SF8 and b) STS.

The local effect of terrain is to increase the velocity within parts of the canopy with a
sudden increased exposure. There is a reduction in the strength of the turbulence
within the canopy, and the vertical momentum flux is also reduced within the canopy
(Fig. 4.27). Re-entrainment into the canopy is stronger when the effective roughness is

greater.
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FIGURE 4.27: Dimensionless vertical turbulent momentum flux within the canopy, at
zZagL = 9m across the domain for a) SF8 and b) ST8.

The x, z plane across the dashed line in Fig. 4.17 is shown for both SF8 and ST8 in Fig.
4.28. The effective shielding of the buildings downstream (from x/h = 25 to 35) is
greater for SF8 than ST8 as the building upstream (from x/h = 15 to 22) is within a
valley. In ST, this increases the streamwise velocity within the canopy as the
upstream buildings are visibly hidden. The terrain roll-off also reduces the magnitude
of the vertical velocity across the canopy, as seen in Fig. 4.28c&d, except downstream
of the last building. As the terrain roll-off increases, the building’s absolute height
compared to those downstream would be far higher. Even for the Southampton

University Highfield campus, with its relatively flat terrain.
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FIGURE 4.28: x, z planes located at y/h = 6.25 (fig 4.17). Showing contours time mean
streamwise velocity (a&b) for SF8 and ST8 respectively and contours of time mean
vertical velocity (c&d) for SF8 and ST8 respectively

The terrain effect on the mean velocities is visible at y/h = 0, shown in Fig. 4.29. The
wake region extends further downstream of the large building located at x /h = 40 to
45. The wake is also deeper due to the terrain roll-off downstream of this building.

Buildings downstream would experience the wake of a much taller building upstream.
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FIGURE 4.29: x, z planes located at y/h = 0. Showing contours of time mean stream-
wise velocity (a&b) for SE8 and ST8 respectively and contours of time mean vertical
velocity (c&d) for SF8 and ST8 respectively.

4.2.2 Spatially averaged data

Spatially averaging over the domain with real topology is challenging. Two methods
are used here. The first method is to average data at the same above ground level
(AGL) height, defined in Equation 4.2,

(P)e(zacL) = Slt/(s : ¢(x,y,zacL)dxdy, (4.2)

where (); denotes the spatial average over the area not covered by buildings, which
accounts for approximately 71% of the entire bottom surface area). ¢ denotes the
quantity to be spatially-averaged, S; denotes the total area not covered by buildings
and is constant over the entire AGL height z 4¢1. In other words, this average does not
take into account the fluid region which is above a building, and of which the
coordinates (x, y) are within the ground perimeter of the buildings. Otherwise, this
could introduce inconsistencies when using Eq. 4.2.

The second method computes the averages separately for the northern (between
y/h = 0 to 15) and southern (between y/h = 0 to — 15) halves. For this method,
z/h = 0 is set at the average ground z/h = 0 location of all points within the
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averaging region. This method is a comprehensive average, taking into account the

building regions (as fluid regions with 0 velocities, see 4.2).

The domain height for the ST8 case is slightly shorter at the inlet, around 20% less
(Table 2.5) compared to the SF8 case. Both cases maintain the same inflow conditions
in the region 0 < z < 10h. This ratio of boundary layer to average building height is
close to those of wind and water tunnel experiments (e.g. Xie and Castro (2009)). To
have a comparison between the flat and real terrain case, all quantities are normalised

by the spatially-averaged mean streamwise velocity Uy, at zac = 6h.
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FIGURE 4.30: Spatially averaged data for SF8 and ST8, for the following normalised

quantities: a) mean-streamwise velocity, b) mean velocity magnitude, c) turbulent ki-

netic energy and d) vertical turbulent momentum flux. All quantities are normalised
by the spatially-averaged mean streamwise velocity Ug, at 6h.

The spatially-averaged mean velocities and turbulent statistics are shown in Fig. 4.30.
Albeit the large local differences in the ratio of mean velocities (e.g. Fig.4.24), Fig.
4.30a and b show that the spatially averaged dimensionless streamwise velocity have
a little difference between flat and real terrain cases. The peak spatially averaged
Reynolds shear stress at z ¢, calculated from the flat terrain case SF8 is evidently
greater than that from the real terrain case ST8, suggesting an evidently greater
aerodynamic resistance in the flat terrain case for the same incoming flow. The
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turbulent kinetic energy for SF8 is even greater than that for ST8, confirming that the
flat terrain produces more turbulence resulting in more aerodynamic resistance. This
supports the argument in Section 4.2.1 that the flat terrain case SF8 is rougher than the
real terrain case ST8.

The turbulent boundary layer over the west-east down-slope (Fig. 2.18) is similar to
the boundary layer on a diffuser wall, where the local boundary layer thickness grows
faster than over a flat surface while it progresses downstream. Subsequently, the mean
streamwise velocity slows down on the same elevation within the boundary layer.
These are evidently shown in Fig. 4.30a. It is well known that a diffuser is designed to
reduce the flow resistance within the diffuser. Again, Fig. 4.30d shows the peak
Reynolds shear stress over the real terrain is evidently reduced compared to the flat
terrain, resulting in reduced TKE (Fig. 4.30c). On the other hand, approaching the top
of the hill, there is a speed up within the boundary layer close to the surface (Taylor,
1998; Safaei Pirooz and Flay, 2018; Cindori et al., 2020). This is because the up-slope
suppresses the boundary layer and reduces its thickness while it progresses
downstream. One can deduce that an east-west wind over the up-slope campus
reduces the local boundary layer thickness and increases the local wind speed

immediately above the canopy.

The following data shows the averaged flow quantities for the northern and southern
halves, respectively. As apposed to the large differences in peak heights for the
various normal and Reynolds stress profiles due to local terrain and building height
effects, when averaged across this streamwise extent seems to collapse the terrain
height effects to create similar vertical profiles. Especially the Reynolds stress, which
now has a similar distribution and peak vertical location. The spanwise change in
terrain is not as great as the streamwise terrain roll-off. As expected in the southern
average, Fig. 4.32, there are larger differences than the northern region between SF8
and ST8, due to the greater terrain height changes, especially in the spanwise
direction. Spanwise averaging of the flow quantities has the effect of smoothing the

terrain effects as long as the terrain height change is minimal.

The average is done across the same level in the domain regardless of actual height
from the local ground level. This maintains the height of, for example, the free shear
layer downstream of a building so that the average is more representative of the flow
features. The ground zero for the spatially averaged profiles is placed at the average

ground location across the region to reduce any error from the averaging process.
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FIGURE 4.31: Spanwise averaged flow quantities, averaged across a streamwise re-
gions of x/h = 2, for the northern region. Showing normalised a) mean streamwise
velocity, b) streamwise stress, c) spanwise stress and d) Reynolds stress

Taking the terrain into account, there is a clear decrease in the Reynolds shear stress
across all locations in the southern region in Fig. 4.32d the opposite is true in the
northern region in Fig. 4.31d. It purely depends on whether the surrounding terrain
shelters the building or effectively makes the building taller. Effectively reducing the

frontal area of the canopy:.
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FIGURE 4.32: Spanwise averaged flow quantities, averaged across a streamwise re-

gions of x/h = 2, for the southern region. Showing normalised a) mean streamwise

velocity, b) streamwise stress, c) spanwise stress and d) Reynolds stress change nor-
malisation label

Half Minimum  Mean Terrain Terrain
elevation Slope change change
z/h % z/h x/h

North 1.56 -2.6 0.38 12.5

South 2.44 -3.55 1 7

TABLE 4.3: Terrain data for both the northern and southern half’s of the domain. Min-

imum elevation within the array and slope is the average slope across the streamwise

direction of the half. Terrain change slope is spanwise average of the up and down

changes split into the magnitude of the elevation change and the downstream dis-
tance it occurs over

Both averaging methods agree for the southern region spatial average. Confirming
both approaches are appropriate, showing the decrease in turbulence generated due to
the terrain. The terrain change in this region averages to around 1#, increasing
towards the south (—Y, Fig. 2.18). The terrain change in the north region (4, Fig.

2.18) is much more gentle, and the average slope across its span is 14 less than that of
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the Southern half. The terrain change in the streamwise direction has a sinusoidal
shape with a decreasing mean, the amplitude of which is more than double in the
southern region and occurs over a shorter distance. It can be suggested that using a
metric such as the terrain change over x and the amplitude of this change could be

used as a guideline for when to include the terrain in simulations.

Spanwise averaging the turbulent normal stress components is shown in Figs. 4.33,
4.34, 4.35 for the streamwise, spanwise and vertical normal components. Fig. 4.36
shows the spanwise averaged Reynolds stress. The peak values seen in the contours
are slightly less for ST8. It is the vertical location of the peak that changes. The vertical
normal stress is of particular importance. It can be used to approximate the edge of
the IBL (Internal Boundary layer) and, therefore, the growth downstream. This will be
discussed in more depth in section 4.4.
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FIGURE 4.33: Spanwise averaged contours of normalised streamwise stress for a) SF8
and b) ST8
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FIGURE 4.34: Spanwise averaged contours of normalised spanwise stress for a) SF8
and b) ST8
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FIGURE 4.35: Spanwise averaged contours of normalised vertical stress for a) SF8 and
b) ST8
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FIGURE 4.36: Spanwise averaged contours of normalised Reynolds shear stress for a)
SE8 and b) ST8
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4.3 Effects of incoming stratified flow on semi-realistic and

complex geometry

4.3.1 Effects of stratification on flow quantities

The mean flow in and above the canopy is slightly affected by the strength of the
stratification. Fig. 4.37a shows the vectors across the plane used for the PIV. There are
little differences between the neutral and Ri, = 1. The inflow turbulent quantities at
various Ri, numbers are the same as those in Sessa et al. (2020). Location 3 in Fig.
4.37b shows a slightly retarded streamwise velocity curve near the wall. The smaller
velocity gradient near the building top is indicative of less turbulent mixing. This
suggestion is supported by the decrease in the r.m.s. of both the streamwise and
vertical velocity components and the Reynolds shear stress (Fig. 4.38) for the stratified

cases and is largest for the highest stratification.
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FIGURE 4.37: Comparison between different strengths of stable stratification for SF8.

Neutral(Black), Richardson number Ri;, = 0.2(Red) and Ri, = 1(Blue) cases for a)

vector plots for each of the three cases and vertical profiles of b) mean streamwise
velocity and c¢) mean vertical velocity. Across the Y =-104m plane (fig. 2.18).
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FIGURE 4.38: Comparison between different strengths of stable stratification for SF8.

Neutral(Black), Richardson number Ri;, = 0.2(Red) and Ri;, = 1(Blue) cases for the

vertical profiles of a) streamwise velocity r.m.s., b) vertical velocity rm.s. and c)
Reynolds shear stress. Across the Y = -104m plane (fig. 2.18).

It is useful to analyse a specific location to gain further insight into the effects of
stratification. Location 7 (fig. 4.37) is more representative of a street canyon. The mean
flow shown in Fig. 4.39a shows the typical street canyon-type flow, which is a smaller
velocity above the canopy and weaker recirculation within the canyon. The strength
of stratification seems to have the greatest effect on the Reynolds shear stress. The
relative decrease between Ri, = 0.2 and Ri, = 1 for the r.m.s. of both in-plane velocity
components is around 15%, depending on the height at which the decrease is
measured. The Reynolds shear stress shows the greatest percentage decrease from

Ri, = 0.2 to Ri, = 1 at approximately 30% decrease in the peak value. The lower peak,
located at z/h = 1, seems to be largely dissipated in the two velocity component r.m.s.
values and not visible in the Reynolds shear stress at this location. The lower peak for

the neutral case is the stronger of the peaks in contradiction to Ri, = 1.
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FIGURE 4.39: Effect of stratification on the flow quantities at the location 7 (fig. 4.37)
for a) mean streamwise velocity, b) rm.s. of streamwise velocity, ¢) rm.s. of vertical
velocity and d) Reynolds shear stress.
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FIGURE 4.40: Effect of stratification on the vertical temperature profiles at the location
7 (fig. 4.37) for a) vertical profile of time mean temperature difference and b) rm.s. of
temperature.
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The normalised vertical profiles of temperature at location 7 (fig. 4.37) do not quite
collapse between Ri = 0.2 and Ri = 1 for the same inflow conditions. The temperature
fluctuation is decayed for the stronger stable stratification condition.

Comparing the effects of stratification over SF8 is shown in Fig. 4.41. As was done for
Fig. 4.30, the data here is averaged across the same local ground-level height. The
mean flow and magnitude show similar behaviour between all cases. Fig. 4.41d shows
the Reynolds shear stress is significantly decreased (—50%) between the neutral and
Ri = 0.2. The decrease from Ri, = 0.2 to Ri, = 1 is less extreme, decreasing by around
25%. This change is reflected in the TKE (Fig. 4.41c). Above the canopy, the Reynolds
shear stress for the case with Ri;, = 1 has significantly reduced above 4/, compared to
the case with Rij, = 0.2. The stable stratification has been damped, significantly, the
turbulence above the canopy (Fig. 4.41). Within and above the canopy, the damping of

the stratification causes a decrease in normal and shear stresses.
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FIGURE 4.41: Spatially averaged data for SF8 comparing different Richardson num-

bers for the following normalised quantities: a) mean-streamwise velocity, b) mean

velocity magnitude, c) turbulent kinetic energy and d) vertical turbulent momentum

flux. All quantities are normalised by the spatially-averaged mean streamwise veloc-
ity Uy, at 6h.
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4.3.2 Effects of stratification and terrain on flow quantities

Fig. 4.42 compares the effect of terrain with the effect of stratification. The terrain and
stratification combined have a significant effect on the TKE and Reynolds shear stress
within and above the canopy, shown in Figs. 4.42c & 4.42d respectively. The decrease
in the peak of the Reynolds shear stress between SF8 (Ri, = 1) and ST8 (Ri, = 1) is
more than 50%. This is significant considering the decrease between the neutral
conditions for SF8 and ST8 is only around 10%. The terrain drastically increases the
damping produced by the stably stratified conditions. Above the canopy, the terrain
also has a significant effect on the TKE and Reynolds shear stress. The shape of the
profile for the TKE is much different to the other cases, being spread more vertically.
This is somewhat unexpected and highlights the complexity of the urban canopy

flows with real terrain.
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FIGURE 4.42: Spatially averaged data for SF8 and ST8 comparing different Richard-

son numbers for the following normalised quantities: a) mean-streamwise velocity, b)

mean velocity magnitude, c) turbulent kinetic energy and d) vertical turbulent mo-

mentum flux. All quantities are normalised by the spatially-averaged mean stream-
wise velocity Ugy, at 65.

Comparing the flow for FF8 for Ri, = 0.2 and Rij, = 1 is shown in Fig. 4.43 for the PIV
sampling plane, y = —104m. As expected, the stronger stratification dampens the
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fluctuations. Unexpectedly, in Fig. 4.43c, the second peak located between

x/h = 35 — 40 is larger than that upstream, nearer the leading edge of the array. This
is due to the large buildings located at x/h = 26,29,30 — 32, causing a large shear
layer downstream of these buildings centred around z/h = 2. This stronger
downstream peak is not seen in the Ri;, = 1 case; there is still a peak here, but weaker
than the upstream one. The free shear layer between x/h = 35 — 40 is still visible and

extends around 5/ downstream.
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FIGURE 4.43: SF8 and ST8 comparing different Richardson numbers (0.2 and 1) for

the following normalised quantities: a) streamwise normal stress (Ri;, = 0.2), b) Ver-

tical normal stress (Ri, = 0.2), c¢) vertical turbulent momentum flux (Ri;, = 0.2), d)

streamwise normal stress (Ri, = 1), e Vertical normal stress (Ri, = 1) and f) vertical

turbulent momentum flux (Ri, = 1). All quantities are normalised by the spatially-
averaged mean streamwise velocity Uy, at 6h.
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4.4 Internal Boundary Layers over Complex topography

Using the methodology proposed in Sessa et al. (2018) (3.5.1), the internal boundary
layer (IBL) depth for both flat (SF8) and real terrain (ST8) cases was the estimated
height of the critical slope-change point of spatially averaged vertical normal stress
profiles w'w’. The spatial average was defined below,

1 (xm+h)
<(P>s(xm/ZAGL) = W /(xmh) (/(Span) <P(x,]// ZAGL)dy) dx, (4.3)

where (); denotes the spatial average over a slice ((x,, —h) < x < (xy, + h),

—300 m <y < 300 m), which accounts for the span of the campus (span. ¢ denotes
the quantity (i.e. w'w’ to be spatially-averaged. Comprehensive spatial average
method (Xie and Fuka, 2018) was used when the average slice crosses a building, in
which all the solid regions within the average region at height z 41 were included,
but the value of the quantity within them was set to be zero.
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FIGURE 4.44: Spanwise averaged data for SF8 and ST8 comparing different Richard-

son numbers for the normalised vertical normal stress: a) SF8 (Ri = 0), b) ST8 (Ri = 0),

c) SF8 (Ri = 1) and d) ST8 (Ri = 1). All quantities are normalised by the spatially-
averaged mean streamwise velocity Uy, at 6h.
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Fig. 4.44 shows the normalised spanwise averaged vertical normal stress for cases SF8
and ST8. The overall contours look similar. Nevertheless, the distribution of the
vertical normal stress w'w’ from the real terrain case ST8 shows less spreading in the
vertical direction while the IBL progresses downstream. Clearly, there is a drastic
decrease in the vertical normal stress between neutral and stratified conditions for
Ri=1.

Fig. 4.45a and b respectively show the IBL depth (AGL) along the real urban canopy
and the spanwise-averaged vertical normal stress w'w’ over the real terrain, marked
with the critical slope-change point (i.e. the intersection of the two straight lines).
Overall, the IBL over the real terrain is evidently more shallow than that over the flat
terrain. This is consistent with the early observation (e.g. Fig. 4.30) that the
down-slope real terrain has less aerodynamic resistance and generates less TKE
compared to the flat terrain, which is due to the so-called “diffuser” effect. It is to be
noted that this does not conflict with another early observation (Sect. 4.2.2) that the
external boundary layer (EBL), which is on the top of the IBL, is thicker over the
down-slope real terrain compared to that over the flat terrain. Again, for an east-west
wind passing over the up-slope of the campus, a thicker IBL (compared to a flat

terrain) is expected given a greater aerodynamic resistance as discussed in (Sect. 4.2.2).
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FIGURE 4.45: Internal boundary layer depths, using the method of Sessa et al. (2018,

2020), from the leading edge of the canopy for neutral and Stratified inflow conditions

for flat and real terrain cases, normalised by the local building canopy height. Data

is spatially averaged 2/ in the streamwise direction, maintaining the method used in

chapter 3. The leading edge of the canopy occurs at 14/ in Fig. 4.44. Each location has
it’s zero set to the local average ground level

The IBL thickness, it seems, is a function of building height, terrain, and stratification

strength. Obviously, a different wind direction over the building layout would have a
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large impact and could completely change the IBL thickness over the same point for a
different wind angle.

In this case, however the stratification has the largest impact on the IBL thickness. A
decrease of approximately 1/ in thickness is seen for ST8, reaching as much as 1.25#,
and around 0.75h for SF8, reaching as much as 1/h. The terrain has varying effects on
the IBL thickness. At times producing an IBL to be similar height, averaged across the
span, reaching a maximum difference of around 0.6/. The terrain treatment affects the
building height locally; however, as this data is spatially averaged, this is harder to
ascertain for this, and the difference is most likely averaged out due to buildings being
both smaller and taller than their flat case counterparts.

4.5 Summary

LES was used to simulate the UBL over the University of Southampton Highfield

Campus using semi-realistic (flat terrain) and realistic (real terrain) urban geometries.

The semi-realistic geometry was validated using a water tunnel experiment with PIV.
High-fidelity PIV data of the mean flow field and the Reynolds stresses were obtained
to validate LES. The LES using water tunnel turbulent boundary layer quantities for
the synthetic turbulent inflow generation showed satisfactory agreement with the
experimental data.

The mean flow and turbulence quantities within the canopy were relatively insensitive
to the use of different turbulence intensities prescribed at the inlet, given the same

inflow integral length scale and almost the same mean streamwise velocity profile.

The comparison between flat and realistic terrain showed that the terrain effects
produce significant differences, where the height change of a street-scale (O(0.1k m)
topographic feature is of the same order of magnitude as the neighbourhood
buildings. The ratio of the flow velocity of the real terrain to flat terrain case within
and above the canopy was found to correlate well with the changes in ground-level

elevation.

A global (average) gradient of the terrain is present throughout the real terrain case
domain. The global downslope is significantly smaller than the changes in local
terrain elevation which has a far smaller effect on the flow than the changes in local

terrain elevation.

Simulations showed that the real terrain enhanced the effect of stable stratification
conditions. For Ri, = 1, the real terrain exhibits a decrease of around 60% in the
spatially averaged vertical turbulent momentum flux (compared to SF8). For neutral

conditions, the decrease is approximately 10%.
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Chapter 5

Conclusions

This PhD study aimed to fill gaps in knowledge in two key areas of urban boundary
layer research. The first was the effect of the suburban pitched roof on the flow and
turbulence statistics for arrays of buildings. The second was to compare the effects of
inflow conditions, small terrain features taking account of inflow turbulence level and
thermal stratification. The conclusions drawn throughout this research are presented

below.

5.1 Effect of pitched roofs

Large eddy simulations (LES) have been carried out to simulate the flow of urban
boundary layers over idealized arrays of cuboids with and without pitched roofs
under neutral and stable stratification conditions. The reliability and accuracy of the
results have been ensured by conducting rigorous evaluation tests, including

examining mesh sensitivity and body conformity.

The results for a baseline flat roof cuboid array were first validated against previous
data. The same mesh and numerical settings were then preserved as far as possible to

ensure the reliability of flow simulations made for the 45° pitched roof cases.

The non-conformal Cartesian meshes used in some CFD codes, such as PALM4U and
uDALES, provide high computational efficiency, but their users might have doubts
with regard to the accuracy, such as in the near wall regions. This study has examined
their accuracy of the global quantities, such as the spatially averaged mean velocities,
second-order turbulent statistics and dispersive stresses. It is concluded that these
meshes produce accurate spatially-averaged quantities compared to those from
conformal (body-fitted) meshes.
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Compared to that produced by an array of flat roof cuboids, introducing an array with
45° pitched roofs leads to significant changes in the mean flow field, the Reynolds
stresses, and drag and increases the turbulent momentum flux at the canopy height by
approximately 50%. The magnitude of these changes strongly suggests that it is
important to account for the effect of roof shape in urban arrays. In other words, the
pitched roof array enhances the turbulent mixing and aerodynamic drag in a manner
similar to having a random height array of flat-roofed cuboids (Xie et al., 2008). It has
also been shown that the pitched roof reduces the Reynolds shear stress in most of the
regions within the canopy for both packing densities, even though it substantially

enhances the Reynolds shear stress at the canopy height when A, = 33.3%.

The results have shown that the pitched roof case exhibits a different flow regime to
that of the flat roof cases at packing density A, = 33.3%. The pitched roof, due to
decreased packing density in the top third of the canopy, is in the wake-interference
regime, as opposed to the skimming flow regime experienced by the flat roof cuboids.
At A, = 16.7% both the flat-roof and pitched roof cases are in the wake-interference
regime. The normalised spatially averaged profiles of Reynolds stress over the flat-
and pitched-roof buildings show a significantly smaller difference compared to

Ap = 33.3%. This suggests that the pitched roof only plays a crucial role within a
certain range of packing densities.

Although the pitched roof and random height arrays are more common than
flat-roofed buildings of uniform height in urban areas, current parametrizations are
typically based on arrays of uniform-height cuboids with flat roofs. The need for
taking the effect of pitched roofs into account is given more importance by the fact
that the results showed a much stronger effect for a packing density of around

Ay = 33.3%, which is more common in suburban regions than A, = 16.7%. The results
suggest that omitting these effects in high-resolution mesoscale models may introduce
non-negligible errors into boundary-layer predictions over typical suburban and
urban regions where there are a high proportion of pitched roof or non-uniform height
buildings. Frontal solidity and packing density provide adequate descriptions of
arrays for developing parametrizations for the effects of flat-roofed buildings in
mesoscale models, adding a further parameter to differentiate between arrays with

different roof geometries would improve the performance of these models.

It is also to be noted that the LES predictions showed considerable differences in mean
surface pressure coefficient compared to values derived from using the Eurocode
standard /method. While some of that was due to the Eurocode considering peak
values, a substantial fraction is also attributable to the Eurocode not considering the
shielding effect of surrounding buildings which suggests that there is a need to

consider for a more refined Eurocode to address this aspect.
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Simulations showed that having pitched roofs meant that the effect of increasing
stable stratification conditions (0 < Ri; < 1) was very much reduced in comparison to
the same incoming flow for flat roof cuboids. The relative difference in the vertical
fluctuations between two weak stratification conditions Ri, = 0.2 and Ri, = 1 was
around 16% less for the pitched roof cases, while a reduction of 50% was found for flat
roof ones (Sessa et al., 2020). It is concluded that pitched roofs may greatly enhance
the turbulent mixing in stable stratification conditions and so improve the urban
ventilation in the local environment. Consequently, pollution models which ignore the

effects of pitched roofs may be overly pessimistic.

5.2 Complex geometry and terrain

Large eddy simulations (LES) were carried out to simulate atmospheric airflows over
the Highfield Campus of the University of Southampton using semi-realistic (flat
terrain) and realistic (real terrain) urban geometries, aiming to quantify and
understand the impact of the urban terrain variation at street scale (O(0.1 km)) on the

aerodynamics and turbulent boundary layer.

Water tunnel experiments were carried out using a 1:1000 scale 3D-printed model of
the university buildings placed on a flat (semi-realistic) terrain in a naturally
developed turbulent boundary layer. The Reynolds number was Rej, = 12,000 based
on the average building height & and freestream velocity. High-fidelity PIV data of the
mean flow field and the Reynolds stresses were obtained for the validation of LES.
Allowing for the uncertainties introduced by the small scale of the model and the
limitations of PIV measurement close to its surface, data from an LES simulation with
STI showed good agreement with the PIV data.

To assess the sensitivity of the results to uncertainties in defining the appropriate
turbulence quantities to apply to the inflow, one set of “simulated atmospheric
boundary layer” data generated from the University of Surrey EnFlo wind tunnel (e.g.
Xie and Castro (2009)) were used for synthetic turbulence inflow (STI) boundary
conditions, against the other set of naturally generated boundary layer data from the
water tunnel at the University of Southampton. The turbulence statistics sampled at
sufficient distance (e.g. more than 10 average building heights) from the inlet and
within and immediately above the urban canopy predicted by the large-eddy
simulations were relatively insensitive to the precise inflow Reynolds stresses, given
the same inflow integral length scale and similar mean streamwise velocity profile.
This does not undermine the importance that street and city scales of airflow are
coupled.

A systematic comparison of large-eddy simulations of atmospheric airflows over the

flat and real terrains showed that the terrain effects are crucial, where the elevation
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change of street-scale (O(0.1k m)) topographic features is of the same order of
magnitude of the neighbourhood buildings. While the atmospheric boundary layer
(ABL) progresses over a downslope terrain, it experiences less aerodynamic resistance
compared to flat terrain, and produces less turbulent kinetic energy, resulting in a
faster-growing total boundary layer thickness (AGL) and a slow-growing internal
boundary layer thickness (AGL). This is due to the so-called “diffuser” effect. On the
other hand, while the ABL progresses over an upslope terrain, it is expected to
experience greater aerodynamic resistance compared to flat terrain, resulting in a

reduced total boundary layer thickness.

It is even more crucial to quantify and understand how street-scale terrain variations
modulate the local mean velocity and turbulent statistics field at an
above-ground-level height. This can help to correct the experimental and numerical
data from the widely used flat terrain models. The study has shown the ratio of the
real-terrain streamwise velocity to the flat-terrain data on the same horizontal
coordinates and at the same AGL height correlates positively very well with the real
terrain elevation, with a maximum ratio greater than 2 and a minimum less than 0.5.
This is because the local boundary layer cannot adjust itself immediately in response
to street-scale terrain variations. Subsequently, a high streamwise mean velocity is

expected on the same AGL height over a region with high terrain elevation, vise versa.

Given the global (average) gradient of the west-east downslope is much smaller than
the local terrain gradients, the former should have little contribution on this strong
modulation on the local mean velocity field. In other words, this real terrain’s
modulation on the mean streamwise velocity field is in a similar manner and strength
in an east-west wind passing the upslope. At a height immediately above the urban
canopy (e.g. zagr = 2.3h), a similar modulation on the local mean velocity is weaker
but still evident.

Simulations showed that the real terrain enhanced the effect of stable stratification
conditions. For Ri, = 1, the real terrain exhibits a decrease of around 60% in the
spatially averaged vertical turbulent momentum flux (compared to SF8). For neutral
conditions, the decrease is approximately 10%. This study showed that a thinner IBL
was generated in the real terrain case, but also that the thickness of the IBL was

affected by the stratification in a similar manner for both terrain and flat cases.

5.3 Final comments and future work

This PhD study aimed to improve the understanding of the effects of pitched roofs in
an urban canopy, the inflow turbulence intensity, terrain and thermal stratification

effects on the flow and turbulence statistics over a real urban area.
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To achieve a more accurate CFD predictions for real urban scenarios, future works
should consider the outcomes of this work in order to closely represent the urban
surface. This includes variations in roof shape, small topographic features and

thermal stratification.

For three-dimensional arrays, the pitched roof (compared to a flat roof of the same
overall height) was shown to generate 30% greater drag for tighter packing densities
(33%) with a flow direction perpendicular to the axis of the roof apex line. For looser
packing densities (16%) the total drag was similar for flat and pitched roofs. However,
the wind direction within the urban boundary layer is rarely constant. Wind
directions change with various time scales. Therefore, analysis of different wind
directions (from perpendicular to parallel to the roof line) should be undertaken in
order to map out the overall effect of pitched roofs.

The effect of weakly stable thermal stratification was shown to be significant; the
pitched roof was able to reduce the damping effect on the turbulence generated by the
array of buildings compared to the flat roof array. Weakly stable stratified boundary
layers are only the start of the story. The effect of stronger stable stratification and
unstable thermal stratification has yet to be examined for an array of pitched roof
buildings. This is of great importance to improve predictions from mesoscale models

for urban areas.

The inclusion of real terrain combined with the building layout of a real urban area
showed non-negligible effects on the flow field compared to the same building layout
with a simplified flat ground. Local changes in terrain elevation (O(0.1km)) correlated
well with the changes in the mean velocity. The global terrain change or mean
downward slope present throughout the domain had a somewhat smaller effect on
the flow, given its magnitude (O(h/1km)), compared to the local terrain variation. It is
far more important to include smaller topographic features than larger domain-scale
features, albeit it is missing in the mesoscale models and is very challenging to CFD
codes and experiments. It is to be noted that local results may be heavily dependent
on the wind direction. A wind angle opposite and perpendicular to that shown would

be the first step in quantifying the local effects of the terrain for a real urban area.
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Abstract

Arrays of buildings with pitched roofs are common in urban and suburban areas of European
cities. Large-eddy simulations are performed to predict the boundary-layer flows over flat and
pitched-roof cuboids to gain a greater understanding of the impact of pitched roofs on urban
boundary layers. The simulation methodology is validated for an array of flat roof cuboids.
Further simulations show that changes in the type of grid conformity have a negligible effect
on the mean flow field and turbulent stresses, while having a visible, but small, effect on
the dispersive stresses for a given packing density. Comparisons are made for flat and 45°
pitched roof cuboid arrays at packing densities of 16.7% and 33.3%. The interactions between
pitched-roof buildings and their effect on the urban boundary layer are considerably different
to those of flat-roof buildings. The pitched roofs at a packing density of 33.3% leads to
significant changes in the mean flow field, the Reynolds stresses, and the aerodynamic drag.
Further work investigates the effects of changes in turbulence level and atmospheric thermal
stratification in the approaching flow. Importantly, in comparison to a flat-roof array, the
pitched-roof one at a packing density of 33.3% evidently increase the friction velocity and
greatly reduces the effects of stable stratification conditions and changes in inflow turbulence
level.

Keywords Atmospheric thermal stratification - Cartesian mesh - Drag coefficient - Packing
density - Pitched roof - Spatial-average

1 Introduction

Past research in urban atmospheric problems has shown that coupling may exist between

atmospheric airflow at the city scale (O(10 km)), neighbourhood scale (O(1 km)), and street
scale (O(0.1 km)) (Barlow et al. 2017; Fernando 2010). This spatial coupling effect is par-
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ticularly strong around urban forms such as groups of tall buildings (Han et al. 2017; Fuka
et al. 2018; Hertwig et al. 2019), or around steep topographic changes. To understand the
importance of coupling effects we require a mapping between urban morphology and flow-
field characteristics, such as mean velocity, turbulent statistics, momentum and heat fluxes.
Acquiring such data for the varied range of geometries encountered in urban areas challenges
both numerical and experimental simulations in many ways.

1.1 Buildings with Pitched Roofs

Most of the published experimental and numerical studies of idealized buildings (e.g. Cheng
and Castro 2002; Stoesser et al. 2003; Coceal et al. 2006; Xie and Castro 2006) have focused
on arrays of cuboid blocks with flat roofs, placed in an aligned or staggered arrangement
with uniform or non-uniform heights. Such studies are most relevant to urban flows over
heavily populated urban areas where most of the building blocks are likely to be cuboid
in shape. However, in the surrounding urban and suburban areas of cities (e.g. European
cities) which experience regular heavy precipitation, whether in the form of rain or snow,
most of the residential houses have pitched roofs. For example, in 2008 it was recorded that
93% of the dwellings in England had pitched roofs (Department for Communities and Local
Government 2008). It is therefore of great interest to assess the effect of having pitched,
rather than flat roofs, on the local flowfield and large-scale boundary-layer flow.

There are a small number of published papers (Barlow et al. 2004; Yassin 2011; Fer-
rari et al. 2016; Nosek et al. 2016, 2017; Llaguno-Munitxa et al. 2017; Badas et al. 2017;
Woodward et al. 2021) in which different roof shapes and their effect on the flow field and
dispersion has been investigated. Most of these studies (Barlow et al. 2004; Yassin 2011)
have investigated two-dimensional street canyons. A few studies (Holmes 1994; Tominaga
etal. 2015; Ozmen et al. 2016; Fouad et al. 2018; Woodward et al. 2021) have also examined
a single isolated building with a pitched roof and these have provided an understanding of the
mean surface pressure around the building (Ginger and Letchford 1995; Oliveira and Younis
2000; Tominaga et al. 2015) which has supported the development of building regulation
codes.

Tominaga et al. (2015) investigated the flow field and surface pressure on an isolated
building for one aspect ratio and three roof pitch angles using particle image velocimetry and
computational fluid dynamics (CFD). They suggested that the flow pattern around a building
with a pitched roof changes critically at a roof angle of around 20°. Holmes (1994) found
that a 30° pitched roof on a single tropical house had a considerable effect on the mean roof
pressures. The mean pressure coefficient on the upwind half of the roof was positive, while
on the leeward side the flow did not re-attach on the roof, resulting in a near uniform surface
pressure. On the other hand, Reardon and Holmes (1981) found that roof pitches up to 10°
in winds normal to the ridge yielded a small separation bubble at the leading edge with high
shear-layer curvatures, which were associated with high suction pressure, and rapid pressure
recovery downwind to the flow reattachment position. They suggested these low pitch roofs
to be called “aerodynamically flat”. These papers suggest that modest changes in the angle
of pitched roofs may have strong effects on the flowfield around the building and building
surface pressures.

Fouad et al. (2018) investigated isolated pitched-roof buildings to explore the potential for
obtaining useful design data using CFD methods by comparing their results to the Eurocode
and ASCEI10 standards. They concluded “the application of CFD techniques show great
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potential to offer very good wind design data for structures with shapes not listed in the
existing codes.”

While building regulations are based on considering a single isolated building taking into
account urban roughness, it is probable that the flow within the canopy of an array of pitched
roof buildings will be considerably different to that around an isolated building, with some
consequent effects on the surface pressure distribution. The limited studies on the effect
of interference between buildings have focused on two buildings (e.g. Bailey and Vincent
1943; Holmes 2007). Bailey and Vincent (1943) suggested that having a maximum of two
buildings upstream of the instrumented model was sufficient to be representative of built up
areas. Holmes (2007) concluded that the building spacing was a key parameter. It is now well
established that two building rows upstream of the measurement location is insufficient for
a simulation of fully-developed internal boundary layer (IBL) over a very large array (e.g.
Hanna et al. 2002; Xie and Castro 2008; Sessa et al. 2018). For arrays of building blocks
placed in a fully developed turbulent boundary layer in the scenarios typically studied (e.g.
low-rise buildings and small roughness length upstream of the array), it requires a fetch
length of about ten average building heights (e.g. Hanna et al. 2002; Xie and Castro 2008).
For arrays of buildings placed in a smooth laminar boundary layer, the required fetch length
is much greater. It is to be noted that while generating near equilibrium and fully developed
urban boundary layer flows is necessary for reducing the uncertainty of the research data,
such conditions are not generally established in real urban atmospheric airflows.

Two parameters frequently used to characterise the morphology of urban areas are the
frontal and plan solidities (e.g. Placidi and Ganapathisubramani (2015)). The latter is more
often termed the ‘packing density’ A ,. The effect of packing density in arrays of simplified
buildings with flat roofs has been intensively studied (e.g. Cheng et al. 2007; Placidi and
Ganapathisubramani 2015, 2018), and it has been shown that their total drag coefficient
based on the freestream velocity is a function of the packing density. The drag coefficient
function has minimums at A, = 0 or 100%, and a maximum in the lower half of the packing
density range. Cheng et al. (2007) showed that the drag coefficient of a staggered array of
cubes was greater than for an aligned one at both A, = 6.25% and 25%. The difference was
greater at the smaller packing density. These results show that any study into the effect of
pitched roofs should consider the effect of packing density.

1.2 Research Needs

The existing body of literature shows a clear need to investigate the effect of pitched roofs in
building arrays at different frontal solidities, packing densities and aspect ratios with fetches
sufficient to develop realistic urban boundary layers; to demonstrate improved methods for
predicting the airflow and dispersion at neighbourhood scales; and to obtain spatially averaged
momentum and scalar flux data which may be used to develop parametrizations for meso-
scale models.

In addition to the above there is the question of thermal stratification effects in urban
areas. These attracted little attention until one decade ago (Sessa et al. 2020). The studies
published since then have focused on arrays of idealised cuboid-shape buildings (e.g. Boppana
et al. 2014; Kanda and Yamao 2016; Tomas et al. 2016; Marucci et al. 2018; Marucci and
Carpentieri 2020; Sessa et al. 2020), or real urban areas in which the building geometries
have been simplified to have flat roofs (e.g. Xie et al. 2013). They have concluded that
even weakly stable stratification conditions (i.e. the bulk Richardson number < 1) have

@ Springer



418 M. Coburn et al.

a considerable impact on the urban boundary-layer turbulence and significantly impacted
pollutant dispersion.

To our knowledge there has been no research into the nature of the flow over arrays of
pitched-roof buildings in thermally stratified conditions. The sparse literature which exists
though shows that a pitched roof generates a very different flows within and above the canopy
top in neutral stratification, with more three-dimensional flow structures than flows over flat-
roof buildings. The question arises as to whether the changes in thermal stratification lead to
similar changes in the flow over pitched-roof buildings as those for flat roofs.

Rather than using conformal meshes to accurately capture the geometric details of build-
ings (such as pitched roofs), two widely used urban CFD codes PALM4U (Maronga et al.
2020; Krc et al. 2020) and uDALES (Heus et al. 2010; Grylls et al. 2020; Suter et al. 2021) use
non-conformal Cartesian meshes. This simple treatment is attractive as it leads to significant
improvements in computational efficiency, but raises the question of what the penalty in accu-
racy is compared to using conformal (body fitted) meshes? This question is also addressed
by the study.

1.3 Outline of the Current Work

This study aims to address three knowledge gaps: (1) how the urban boundary layer is affected
by having an array of buildings with pitched roofs, (2) how the effect of pitched roofs varies
with the packing density of the array, and (3) how the effect of having pitched rather than flat
roofs changes as the conditions vary from neutral to stable stratification.

Section 2 presents details of the numerical methods, Sect. 3 describes the cases and
simulation settings. Section 4.1 details the verification and validation of the CFD model.
Section 4.2 examines the effect of using conformal and non-conformal meshes, Sect. 5
presents a comparison between idealised block arrays with flat and pitched roofs, which
includes spatially-averaged velocities, Reynolds stresses and surface pressures. Section 5.2
reports the effect of packing density in neutral stratification. Section 6 reports the atmospheric
thermal stratification effects on airflow over pitched-roof buildings. Section 7 summarises
the conclusions from the research undertaken.

2 Numerical Methods
2.1 Governing Equations

The flow which develops over arrays of blocks is innately unsteady and so is best resolved
by adopting a large-eddy-simulation (LES) approach (e.g. Kanda et al. 2004; Xie and Cas-
tro 2006; Castro 2017). The LES models developed in this study were implemented was
implemented within the open-source package OpenFOAM version 2.1.1. Eqgs. 1 and 2 are
respectively the filtered continuity and Navier—Stokes equations:

Bu,-
=0, 1
. (D
314,' 814,-14]- 1 3p 8214,- 8‘Eij 1 0P
- —— — — s 8i3, 2
o1 | ox, pox, " Vaxox,  pox,  pam ot lon )

where x; and r are respectively spatial coordinate and time, u; and p are respectively the
resolved or filtered velocity and pressure, p is the density, v is the kinematic viscosity, 7;; is
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the Subgrid-scale (SGS) stress. §;1 is the Kronecker-delta and d P /dx; is the pressure gradient
or body force term which drives the flow when periodic boundary conditions are used in LES.
The term f3§;3 is the body force in the vertical direction due to applied thermal buoyancy
and is calculated by using the Boussinesq approximation based on the estimated temperature
from Eq. 3. The mixed time scale SGS model (Inagaki et al. 2005) was used to avoid using the
near-wall damping functions as used in the Smagorinsky SGS model. Nevertheless, Xie and
Castro (2006) suggested that the flow is very much building block-scale dependent and that
the results are not sensitive to the precise nature of the SGS model, subject to a requirement
that the grid sufficiently resolves the inertial range of the turbulent spectra.
The filtered transport equation of temperature is:

aT ou;T 0
—+
dat 8xj axj'

oT
(D+ Dy)— |, (3
0x;
where 7 is the resolved-scale temperature, D is the molecular diffusivity of temperature, D,
is the SGS diffusivity given by v,/ Pr,, where v, is the SGS kinematic viscosity, Pr; is the
subgrid Prandtl number which is set to 0.9 (Xie et al. 2013).

2.2 Settings of Atmospheric Thermal Stratification

Atmospheric thermal stratification effects are set by using the bulk Richardson number. This
offers a convenient approach for quantifying the strength of stratification due to the vertical
temperature gradient in numerical simulations. The bulk Richardson number is defined as

. gs(Too _TO)

Ri — , 4)
ToUZ,

where g is acceleration due to gravity, § is the domain height, 7' is the mean ground temper-
ature, T « is the mean freestream temperature and Uy is the mean freestream wind speed.

2.3 Boundary Conditions

The LES model must be used with boundary conditions which are appropriate to the problem.
For urban flow simulations the inflow and outflow faces typically have either periodic bound-
ary conditions (PBCs) (e.g. Coceal et al. 2006) or synthetic turbulence inflow conditions (STI)
(e.g. Xie and Castro 2008). The LES approach with PBCs is based on the assumption that the
simulated domain is a repeat unit of a much greater region. This approach can substantially
reduce the computational cost. However, when modelling a “real” urban geometry, the PBC
approach could lead to an inaccurate representation of the flow in some scenarios, such as a
change in roughness (Xie and Castro 2009; Tomas et al. 2016, 2017; Sessa et al. 2018, 2020).
Using the PBC approach in non-neutral conditions requires additional precautions, such as
adding additional forcing terms into the governing equations that should not influence the
turbulence statistics (Boppana et al. 2014; Grylls et al. 2020).

The STI method has been well documented (Xie and Castro 2008; Sessa et al. 2018)
and simulations using it have compared well to data from experiments (Marucci et al. 2018;
Marucci and Carpentieri 2020). The STI approach requires vertical profiles of mean velocity,
Reynolds stresses, and integral length scales as inputs. To apply thermal stratification at the
inlet STTI requires vertical profiles of mean temperature, and the variance and integral length
of temperature fluctuations as additional inputs.
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We use the PBC and STI approaches for two different sets of simulation cases. The choice
of boundary conditions was driven by the physics to be simulated, and so STI boundary
conditions were used for examining the effect of thermal stratification. To enable the results
to be compared with past work on block arrays with flat roofs, the same STI inputs were used
for the neutral and stable stratification as in Sessa et al. (2018, 2020) (specifically Fig. 4 in
Sessa et al. 2020). This meant that the prescribed vertical profiles of mean velocity, Reynolds
stresses, mean temperature and temperature fluctuations for simulating Ri = 0, 0.2, 0.5and1
were identical to those used in Sessa et al. (2018, 2020), which matched the experimental
data in Marucci et al. (2018). Moreover, the same prescribed inflow data were used for
Ri = 0.2, 0.5 and 1, because as stated in Sessa et al. (2020), using the same settings allows
the effect of thermal stratification to be isolated.

2.4 Spatial Averaging

The spatial averaging method was adopted for processing the outputs from all simulations.
Using spatially averaging over a whole (x — y) plane (e.g. Fig. 3), a resolved instantaneous
flow quantity ¢ in LES can be further decomposed into space-time average (5) (Eq. 6), spatial
variation of the time average @”, and resolved turbulence fluctuation ¢’ which is the deviation
of the resolved instantaneous quantity ¢ from the time average ¢,

¢ =(p)+ " +9¢ (5a)
and ¢ = (¢)+ @”, (5b)

where the time-averaged quantity ¢ is equivalent to @ for simplicity, such as u; being
equivalent to U;. In particular, the comprehensive spatial average (Xie and Fuka 2018) was
selected. This method includes the solid regions in the total volume, but ascribes zero values
to the output quantities in them (i.e. the volume occupied by the building blocks shown as
the grey area in Fig. 1d), while the solid regions within the domain are included in the total
volume. Equation 6 defines the comprehensive spatial average:

1
(P)(2) = S—/f ¢(x,y,z)dxdy, (6)
c (xe(a,b),ye(—6H,6H))NS ¢

where () denotes spatial average, ¢ denotes the quantity to be spatially-averaged, S s denotes
the fluid area at height z. For the periodic boundary condition (PBC) case, S, denotes the
total area at height z for the entire horizontal plane, i.e. x € (0, 12H),y € (—6H,6H) (see
Fig.3a). For the synthetic turbulence inflow (STI) cases, S. denotes the area at height z for
a horizontal plane across the entire span (y € (—6H, 6 H)), and between two x coordinates
a and b separated by 2 H (see Fig. 3b).

The comprehensive spatial average has the advantage that it produces a smooth change of
total momentum flux across the canopy interface (Xie and Fuka 2018). In comparison, the
intrinsic spatial average, which only includes the fluid regions in the averaging, leads to a
discontinuity in total momentum flux at the canopy height. The fact that the comprehensive
spatial average gives a smooth change in momentum flux is potentially advantageous in
developing a parametrization of momentum flux, or other quantities, for a meso-scale model.
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3 Details of Cases Studied

3.1 Array Geometries

The idealized-morphology studied here takes the form of a simplified urban-like geometry.
Arrays of simple blocks, i.e. cuboids with either flat or pitched roofs, are studied. The baseline
cuboid has dimensions 2H x H x H, where H = 1 m. The Reynolds number based on the
block width H and the velocity at height H in the upstream boundary layer is about 7400,
or about 830 based on the friction velocity u, (Coceal et al. 2006; Cheng and Castro 2002),
estimated using an extrapolation from the linear turbulent shear stress profile above the
canopy (e.g. Figure 6). Given the different block heights, and dimensionless domain heights
in the work, we choose to use u#; to non-dimensionlise quantities, and to focus on the physics
within and immediately above the canopy. Based on their research on arrays of cubes at a
smaller Reynolds number, Xie and Castro (2006) state that “Reynolds number dependency
(if it does exists) is very weak for such flows, except no doubt very close to solid walls.
Turbulence generated by urban-like obstacles (with sharp edges) is large scale dominated
and hardly at all dependent on the much-smaller-scale viscous dominated processes on the
body surfaces”. Flows over arrays of pitched-roof obstacles with sharp edges are expected
very weakly dependent on the Reynolds number too.

Two different packing densities (i.e. A, = 33.3% and 16.7%) are simulated. The baseline
flat roof cases of height H were validated against Castro et al. (2017). Further cases of height
1.5H with a flat roof or a 45° pitched roof, were then compared with the baseline case.
Figure 1 shows the geometries of the three different blocks used and diagrams illustrating the
packing densities.

3.2 Meshes and Test Cases

The meshes used in this study were created using SnappyHexMesh which is far more flexible
and efficient than standard structured-mesh generators. It was primarily used here to assess
its suitability for application to much larger domains in follow-on studies. Nevertheless, this
study utilised the capability of SnappyHexmesh to create uniform grids, grids with multiple
levels of resolution and non-conformal and conformal meshes.

For the baseline flat-roof cases uniform Cartesian grids (identified as (U), Table 1) were
first created with a resolution of H /16. This was in accordance with the minimum level of
resolution suggested in Xie and Castro (2006) and Coceal et al. (2006), which was adopted for
all cases, except for those with specifically defined grids. Cartesian meshes with three levels
of grid resolution (identified as (3R),Table 1) were created, as used in Xie and Castro (2006),
for testing mesh sensitivity. These had a resolution H /16 up to z = 2.5H, aresolution H /8
between z = 2.5 H and z = 8.5 H, and finally a resolution H /4 from 8.5H up to the top
of the domain at 12 H. The time step was chosen following the guidance that the maximum
Courant number was less than unit. For the PBC cases (Table 1), the initialisation period was
about 6007, and the averaging period was at least 7007, where T, was based on the block
height and the freestream velocity. For the STI cases (Table 1), the initialisation period was
50T}, and the averaging period was 2007),. It took from 240 to 300 wall-clock hours on 200
cores to complete one simulation case.

All the Cartesian meshes created for the flat roof cases were conformal. However, if a
simple Cartesian mesh is created for a pitched roof, the mesh is non-conformal as shown in
Fig. 2. To address the question of what impact this has, three meshing strategies were used for
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1H 1.5H 1.5H 45°

‘T‘\

h 1.5m

Fig. 1 Diagram of the smallest repeat unit size fora 1 H, b 1.5 H, ¢ 1.5H45° pitched roof, with the same plan
view and packing density, A, = 33.3%. H, the block width. 7, the block height. x coordinate is perpendicular
to the long side of the cuboid and the long street, and z coordinate is in the vertical direction, d packing density
Ap = 33.3% (as in Fig. 1), e packing density A, = 16.7% where the width of the long street marked with “2”
is tripled compared to “1”” in (d)

Fig. 2 Side view of the surface
meshes of pitched-roof cuboids of
a conformal mesh, 1.5H45°(UC,
3RC) and b non-conformal mesh,
1.5H45° (UNC)

(a) (b)

the pitched-roof cases: uniform conformal-grids (UC), Uniform non-conformal grids (UNC)
and a 3-level resolution-conformal grid (3RC).

The majority of the cases were run at neutral stability conditions with PBC at the inflow
and outflow (Table 1). For these cases the domain had dimensions of 12H x 12H x 12H,
following Castro et al. (2017) as shown in Fig. 3a. For the cases with thermally stratified
inflows, the STI boundary condition was applied (Table 1). The domain was sized to match
that used in Sessa et al. (2018, 2020), which was 29H x 12H x 12H shown in Fig. 3b.
In both cases periodic boundary conditions were applied to the spanwise boundaries, and a
stress free condition was set for the top boundary.

Table 1 summarises the neutral stability cases simulated with the baseline packing density
of 33.3%, the neutral cases run to examine the effect of changing the packing density from
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Fig. 3 Plan view of the two domains with a packing density A, = 33.3%. a The PBC domain. b The STI
domain. Removing every other column of cuboids in a results in A, = 16.7%. The red dashed line denotes
where the laterally averaged vertical profiles presented were determined

33.3 to 16.7%, and the cases run to examine the effect of thermal stratification on the flow
over arrays with a packing density 33.3%.

4 Validation and Assessment of Mesh Sensitivity

4.1 Validation of Flow Simulation Around a Cuboid Array

To validate the methodology simulations were first made of cases 1 H(U) and 1 H(3R) with
PBC at A, = 33.3%. Figure4 shows vertical profiles of the mean streamwise velocity
component U, streamwise normal stress u'u’, vertical normal stress w’w’, and Reynolds shear
stress —u’w’ at the centre of the long street marked “1” in Fig. 1d. Overall, the differences in
these turbulent statistics between the cases 1 H(U), 1 H(3R) and the LES data in Castro et al.
(2017) are negligible within the canopy.

The mean streamwise velocity profiles sampled at typical locations (not shown) also agree
well with those in Castro et al. (2017). The two cases 1 H(U) and 1 H(3R) yield accurate mean
flow fields within the street canyon. The turbulent stress profiles of the case 1 H(U) are in
agreement with those in Castro et al. (2017) over the entire vertical extent. Within the street
canyon, the turbulent stresses for case 1 H(3R) are in reasonable agreement with those in
Castro et al. (2017). Nevertheless, the discrepancy in the Reynolds stresses above z = 2.5H
between the case 1 H(3R) and Castro et al. (2017) is visible, with its approximate maximum
5%. This difference is due to a greater proportion of the Reynolds stresses being modelled
(unresolved) by the SGS model above z = 2.5H due to the coarser resolution for the case
1 H(3R). The modelled portion of the mixed time scale SGS model to the total Reynolds
stress can be estimated (e.g. Xie et al. 2004). This is not of a primary concern of this paper.
Despite the difference, the mean streamwise velocity is accurately predicted for the case
1H(3R), again suggesting that the mixed time scale SGS model performs well for the coarser
mesh.

In summary, the results suggest that the two conformal (body fitted) grids 1 H(U) and
1H(3R) are able to produce satisfactory time-averaged velocities and turbulent statistics,
e.g. Reynolds stresses. This provides the baseline of the mesh structure, from which the
assessment of mesh sensitivity for the pitched-roof cases is carried out in Sect. 4.2.

@ Springer



M. Coburn et al.

424

uonIpuod AIepunoq MO[UI ddUI[NQIN) SIRYUAS [ 7€ ‘uonipuod Arepunoq srporad HDgd (] ‘SLI) Yipim yooiq {

ILS [EULIOJUOD) ULIOJIU[) paynd INSNA N S €'ee (I0N)SYHS'T
odd [EULIOJUOY) UONN[OSIY [PAA[-€ payd 0 Sl L9l (DUE) SYHS'T
odad wojruf) €| 0 ST L91 (WHS'T
odad wojrup) | 0 I L9l (WHT
odad [EULIOJUOY) UONN[OSIY [OAA[-€ payd 0 ST €'ee (DUE)oSTHS'T
odd [BUWLIOJUO))-UON ULIOJIU() payaNd 0 Sl €'ee (ONMoSYHS'T
odd [BULIOJUOY) WLIOJTU[) payd 0 Sl €ee (DN STHS'T
odad SUONNJOSAY [AAJ[-§ el 0 ST €'ee (MEHS'T
odd w0y e 0 Sl €'ee (WHS'T
odad SUONINOSAY [2A2[-¢ | 0 I €ee (MEHT
odd wIojTu ) | 0 I €ee (WHT

D4 1opno-uf ad£y ysoy ad£y jooy 1y (H) w31y Yoorg (%)Y ar sse)

$aSBD Paje[NUUIS Ay} Jo ISI 9je[dwod v | 3|qel

prlnger

NS



Numerical Simulations of Boundary-Layer... 425

10} 1H (U) 10+
— — —1H (3R)
----------- Castro et al.
< =
< NS
N 51 « 51
0 0
5 0 5 10 15 0 2__ 4 6
a b
(a) U/u, ®) ' fur?
10l 10t
< =
< NS
N 51 « 51
0 - ° : | .
0 05 1 05 0 _05 1 15
© Wl u? @ -/

Fig. 4 Comparison between cases 1 H(U), 1 H(3R) and Castro et al. (2017) data at long street location “1”
marked in Fig. 1d. a mean streamwise velocity U, b streamwise normal stress u’u’, ¢ vertical normal stress

w’w’, d Reynolds shear stress —u’w’

4.2 Assessment of Conformal and Non-conformal Meshes

This section examines the effect of having conformal or non-conformal grids on the flow
predictions obtained for a block array with pitched roofs. This is done by comparing spa-
tially averaged profiles for the 1.5H45° (UC), 1.5H45° (UNC) and 1.5H45° (3RC) cases at
a packing density of 33.3% with PBC. Figure5 shows that all three cases produced consis-
tent vertical profiles of mean streamwise velocity and root-mean-square velocity fluctuation
components. Overall agreement between the three cases is satisfactory, especially for the
mean velocity profile in Fig. 5a. All cases predict similar peak root-mean-square velocity
fluctuations with differences of less than 5% within and above the canopy.

At the top of the domain, the increases in axial and particularly spanwise turbulence
intensities are due to the so-called ‘splatting’ of the eddies on the top boundary, where the
vertical velocity is constrained to be zero. This is not important, because as discussed in Xie
et al. (2008) the domain height is great enough to avoid any top boundary condition effect
on the regions of interest, i.e. within and immediately above the canopy. It can be seen that
at z/h = 2 where the interface between the H /16 and H /8 grid regions occurs, the axial
fluctuating velocity root-mean-square peak in Fig. 5b and a Reynolds shear stress peak in
Fig. 6a are visible. These only have a very local effect and do not evidently impact the flow
regions within and immediately above the canopy.

Figure 6 shows spatially averaged vertical Reynolds shear stress u’w’ and dispersive shear
stress (—U"”W"). There are negligible differences between the three cases within the canopy.
The peak dispersive stress occurs just below the canopy top in all cases.
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Fig.5 Grid and geometry effects on a spatially averaged streamwise mean velocity, b axial velocity fluctuation
root-mean square ¢ spanwise velocity fluctuation root-mean square and d vertical velocity fluctuation root-
mean square
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Fig. 6 Grid effects for array of cuboids A, = 33.3% with 45° pitched roofs a spatially averaged Reynolds
stress and b spatially averaged dispersive stress
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The 1.5H45°(UNC) case with non-conformal grid and 1.5H45°(3RC) case with coarse
grid above the canopy produce a small but visible discrepancy (less than 2% of u%) from
height z/h = 2 to z/h = 5, compared to the case 1.5H45°(UC).

The discrepancy in the dispersive shear stress profile between the conformal and non-
conformal grids is visible, with an approximate maximum of 3% of u% atz/h = 3. This small
discrepancy is more likely owing to the uncertainty of the calculation of the dispersive shear
stress than grid conformity. Span-width size structures above the canopy require significant
averaging time for obtaining a ‘converged’ dispersive shear stress. These data confirm the
satisfactory accuracy of using the non-conformal grids for the global quantities and those far
away from the obstacles. Nevertheless, the accuracy of the near-wall quantities, e.g. surface
pressure, is still a question for the use of a non-conformal grid, such as adopted by the
PALMA4U (Maronga et al. 2020) and uDALES (Heus et al. 2010; Suter et al. 2021) codes.

We speculate that the inaccurate representation of the local flow details in the vicinity of
the pitched roof in the non-body fitted grid case 1.5H45°(UNC) could affect the prediction
of local skin friction and other flow parameters. Nevertheless, Figs.5 and 6 suggest that the
overall discrepancy between the spatially averaged mean velocity, Reynolds stresses and
dispersive stresses due to using a non-conformal rather than a conformal grid is small.

Figure 6a shows a linear decrease in Reynolds shear stress from the canopy top, reducing
to zero at the domain top. The three profiles of the non-dimensional total shear stress (not
shown) including the drag due to the blocks linearly increase within the canopy to almost
1 at the ground, which is expected because a constant body force d P/dx is set to drive the
flow. This confirms the satisfactory accuracy of the simulations (see Xie and Fuka 2018).
The mesh resolution and numerical settings for the flat roof cases validated in Sect. 4.1, were
kept the same for the pitched roof cases. All these ensure reliable results for the pitched roof
cases.

5 Comparison of the Turbulence Statistics and Aerodynamics of Flat
and 45° Pitched Roofs

This section compares flow fields, turbulence statistics, surface pressure coefficients and drag
coefficients between arrays of cuboids with flat and 45° pitched roofs. It aims to provide an
understanding of how having a pitched roof affects these quantities and to thereby quantify
the importance of accurately accounting for the impact of pitched roofs on the boundary-layer
flow.

Two packing densities A, = 16.7 and 33.3% of uniform cuboid arrays with and without
pitched roofs were simulated. Spatially-averaged mean velocities and Reynolds stress profiles
were examined to understand the combined effects of a pitched roof and packing density.
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Table 2 Normalised friction

C Ap(% U
velocity for each case for packing ase p(%) e /Usn
densities )"P = 33.3% and 1H(UC) 33.3 0.100
Ap =16.7%

1.5H(UC) 33.3 0.093

1.5H45°(UC) 333 0.121

1HQBRCO) 16.7 0.133

1.5H(3RC) 16.7 0.132

1.5H45°(3RC) 16.7 0.130

Ujy, is the mean streamwise velocity at z = 3h

5.1 Effect of Pitched Roof on Urban Canopy Flows

It is known that the upper boundary conditions with a large ratio of the boundary-layer
thickness to the building height, such as §/h =~ 10, yields a negligible effect on the flow
and turbulence within and above the canopy (e.g. Coceal et al. 2006; Xie et al. 2008). It
is worth identifying any differences of flow and turbulence over pitched-roof and flat-roof
buildings in a thick boundary layer. Figure 7a shows a comparison of the spatially averaged
vertical profiles of axial mean velocity between the pitched roof case 1.5H45°(UC), and the
flat roof cases 1.5H(U) and 1 H(U), in which the vertical coordinate is normalized by the
canopy height %, and the profiles of root-mean-square velocity fluctuation components are
normalised by the friction velocity u,. Within the canopy there are only small differences
between the three cases, as they are of the same packing density Ap = 33.3%. The two flat
roof cases show a much greater inflection of mean streamwise velocity at the canopy height
(Fig. 7b), which is associated with an overall “smoother” canopy top resulting a weaker shear
immediately above the canopy, compared to the pitched roof case.

The pitched roof generates far more drag on the flow. This can be seen from the larger
momentum deficit in Fig. 7a, and from the values of normalised friction velocity in Table 2,
which show a significant increase for the pitched roof compared to the flatroof at A, = 33.3%.
Note a square of the normalised friction velocity (u% JU 32h) is denoted “drag coefficient” (Bop-
panaet al. 2014). Here the mean streamwise velocity U3y, at z = 3h is chosen as the reference
velocity. Because the dimensionless domain height L, /4 is different for different cases (see
Fig. 15), the mean velocity at the domain top is not chosen as the reference velocity. Table 2
shows that the normalised friction velocity of the pitched-roof cuboid array is approximately
30% greater than the 1.5H flat roof case, and approximately 21% greater than the the 1H
flat roof case. This strongly suggests that an improved urban canopy model by using more
advanced parametrizations should take account of the pitched-roof effects.

We now examine the flowfields in detail to understand the reasons for the increase in
friction velocity. Figure 7d shows far higher vertical velocity fluctuations at the canopy height
for the pitched roof in the same freestream wind; it is to be noted again that the friction velocity
u for the pitched roof case at A, = 33.3% is significantly greater than the flat roof cases. This
could be considered similar to arandom height array (Xie et al. 2008), which produces greater
drag and turbulence mixing as well (i.e. than uniform height blocks with flat roof). The axial,
spanwise and vertical velocity fluctuation root-mean-square data are shown in Fig. 7b, ¢ and
d respectively. Within the canopy, the dimensionless root-mean-square velocity fluctuations
are significantly different. The behaviour of the vertical profiles for the two flat roof cases
are similar above the canopy, whereas the deeper canopy evidently suppresses the turbulent
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Fig.7 Comparison of the spatially averaged vertical profiles between flat roof and pitched roof. a Streamwise
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fluctuations of all three components within it. The pitched roof alters the behaviour of the
vertical profiles significantly above the canopy.

Figure 8a, b, c show mean ensemble average flow field vector plots of the street canyon
in the x — z plane up to a height of z/H = 2 for the 1 H(U), 1.5H(U) and 1.5H45°(UC)
cases respectively. The differences in flow pattern are evident. Figure 8a, b for the flat roof
cases show skimming flow regimes (Oke 1988), where the bulk of the flow does not enter
the street canyon, and a stable circulation flow is formed in the canyon. A stagnation at
z/h = 0.94 (Figs. 11c and 13a) confirms this. Fig. 8c for the pitched roof exhibits a flow in
the wake interference regime (Oke 1988), where the downward flows is deflected down the
windward roof of the next block downstream, at the stagnation of z = 0.85h (Figs. 11e and
13b). Dispersive stress within the canopy of the pitched-roof case 1.5H45°(UC) (Fig. 14) is
much greater than that of the flat-roof case 1.5H (U) in the same incoming flow. Again, this
suggests that the former generates a less stable circulation in the canyon, and is in the wake
interference regime, whereas the latter is in the skimming region.

Figure 8c shows that the shear layer at the canopy top impinging on the windward pitched
roof, which explains the greater vertical velocity fluctuations at the canopy height in the same
freestream wind (Fig. 7d). Much greater vertical mean velocity magnitude (not shown) was
also observed at the canopy height for the pitched roof case.

The observations above are reinforced by Fig. 9 which shows very different normalised
instantaneous axial velocity contours for the 1.5 H flat and pitched roof cases. The flat roof
creates an obvious interface at the canopy top, where a thin shear layer forms; whereas the
pitched roof generates a far thicker shear layer from the apex of the roof, and a less visible
interface. Vorticity contours (not shown) for both cases show the same phenomenon.

Figure 10 shows how the pitched roof changes the spanwise flow around the cuboid.
The development of the secondary flows evident in Fig. 10a, b has been well documented
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for uniform height flat-roof cuboids with various aspect ratios (Willingham et al. 2014;
Vanderwel and Ganapathisubramani 2015; Tomas et al. 2017). However, the pitched roof
effectively destroys any secondary flow (Fig. 10c). This is due to the large mean upwards
flow at the apex of the roof, which is largely uniform across the span. The pitched roof also
greatly enhances the axial rotation seen at the corner of the apex.

Figure 11 shows pronounced differences in the windward and leeward surface pressure
distributions normalised by pu? on the three blocks. The windward side plots show similar
pressure distributions for both the flat-roof cases, 1 H(U) and 1.5 H(U) (Fig. 11a, c respec-
tively). The pitched-roof case, however, shows a considerably different surface pressure
distribution. The vertical face from z = O to 2/ /3 shows a similar low pressure region to the
two flat roof cases, but with a lower pressure which extends much deeper into the canopy
and further across the span.

On the leeward side similar distributions are again observed for the flat-roof cases (Fig. 11b,
d). But the leeward side of the pitched roof case (Fig. 11e) displays a much more uniform
distribution across the span, due to the more uniform mean flow across the span shown in
Fig. 10c.

Figure 12 shows contours of pressure difference between the windward and leeward sides
for the three cases 1 H(U), 1.5H(U), and 1.5H45°(UC). This figure shows a similar surface
pressure difference distribution to that in Tsutsumi et al. (1992) with the highest volume
ratio (packing density). The data collected also follows the same pattern in that, the surface
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pressure difference increases from low to high in going from the centre span to edge. The
pressure difference peak occurs at y = 0 and almost the canopy top for the flat-roof block,
whereas the pressure difference peaks on the pitched roof occurs at y/H = 0.15 and 1.85,
and z/h = 0.9. The pressure difference on the pitched roof shows a high uniformity across
the span, which probably results from a dominant flow along the roof surface towards the
apex of the roof.

Figure 13a shows vertical profiles of spanwise averaged surface pressure on windward
and leeward sides. The profiles for two flat-roof cases are similar in shape; whereas the
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Fig. 12 Contours of pressure
difference between the windward
and leeward sides normalised by
pu?.a 1H(U), b 1.5H), ¢
1.5H45°(UC)
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pitched roof creates significantly different shaped profiles above z = 2A4/3. A noticeable
inflection is present in the pitched roof profiles at the transition between side and roof, which
occurs at slightly different vertical locations on windward and leeward sides, this is likely
due to not having data at the transition point. The maximum surface pressure at z/h = 0.9
on the windward side, denotes the stagnation. Stagnation is not visible on the windward
sides of the flat-roof cuboids, which occurs too close to the canopy top to be resolved in
the current mesh. Figure 13b shows normalised spanwise-averaged pressure difference. A
considerable difference is evident between the flat-roof case 1.5 H(U) and the pitched-roof
case 1.5H45°(UC) above z = 2h/3.

The form drag due to the pressure difference between the windward and leeward faces is
dominant. Xie and Castro (2006) show that the integrated pressure difference between the
windward and leeward of an array of cubes is approximately 90% of the total body force
imposed, which is equal to an integral of pu% over the ground surface. The pressure difference
for the pitched-roof case exhibits an inflection at z = 2h/3 as in Fig. 13a, accompanied by
an abrupt increase in the pressure difference above z = 2h/3, which peaks at 0.94 and
decreases towards the canopy top. The 1.5H(U) case exhibits a lower pressure difference
across the depth of the canopy, compared to the shorter cuboid case 1 H(U). A sharp increase
occurs above z = 0.8/ for case 1.5 H(U), and one occurs above z = 0.7/ for case 1 H(U),
which are consistent with the pressure profiles on the windward sides for the respective flat-
roof cases in Fig. 13b. These changes in shape are likely associated with the heights of the
recirculation centres within the long street shown in Fig. 10a, b. Again, these suggest that a
one-dimensional urban canopy model that resolves the aerodynamic drag distribution within
the canopy should take account of the pitched-roof effects.

Figure 14a shows dimensionless spatially-averaged Reynolds shear stress profiles. Within
the canopy the pitched roof generates far less Reynolds shear stress. The profiles for the two
flat roof cases are similar, with the lower cuboid case generating slightly more Reynolds
shear stress within the canopy. When focusing on the flow immediately above and within the
canopy, it is more appropriate to normalise quantities by the friction velocity. Table 2 shows
more details of u, /U3zj,, where U3y, is the mean streamwise velocity at z = 3/4. When focusing
on the flow far above the canopy, it is more appropriate to normalise the flow quantities by
the free stream velocity Ux, or the velocity high above the canopy e.g. z = 3h. We noticed
that the peak Reynolds shear stress normalised by Uz, is about 100% higher for the pitched
roof case (not shown), suggesting that the pitched roof vastly increases the drag, mixing
and re-entrainment of the flow into the canopy. Within the canopy, Reynolds shear stress
normalised by Uz, shows the same behaviour to that normalized by the friction velocity
u.. Considering only the packing density A, = 33.3% against a flow region map based on
flat-roof data, the flows fall into the the skimming region. However, the entrainment into the
street canyon is less-energetic due to the pitched roof because the mean flow in the shear
layer has a non-negligible upwards component and some portion of flow is directed upwards
instead of into the street canyon. Taking account of this, the flow over the pitched-roof array
with A, = 33.3% falls into the wake interference regime.

The pitched roof creates a more uniform mean flow field across the span of the cuboid.
The local peak Reynolds shear stress differs by less than 7% across the span of the cuboid at
the long street location, i.e. station “1” in Fig. 1, with a maximum occurring at the center of
the span. The flat roof cuboid generates the maximum Reynolds shear stress at 0.1 H from
the spanwise edge of the cuboid.

Figure 14b shows spatially-averaged vertical dispersive stress profiles, which are the
mean flow contributions to vertical momentum flux. The pitched roof creates significantly
larger dispersive stresses at the canopy height compared to the flat roof - it is to be noted
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Fig. 14 Spatially-averaged profiles of a dimensionless Reynolds shear stress, b dimensionless dispersive stress

the friction velocity u, is much greater for the pitched roof case. At z = 2h and 1.5 A,
the flat roof cuboids generate larger dispersive stresses, whereas the pitched roof generate
negligible dispersive stress at the same height. We speculate that the pitched roof generates
more turbulent fluctuations and mixing at the canopy height resulting in less significant mean
flow variations.

5.2 Packing Density Effects Accounting for Roof Shape

Table 2 shows an evident increase of normalised friction velocity u /U3y, for the pitched roof
compared to the flat roof at packing density A, = 33.3%, suggesting a significant increase
of drag coefficient u% / U%h. Nevertheless, Table 2 shows no evident difference in u, /U3y
at packing density A, = 16.7%, suggesting that the impact of the pitched roof is highly
dependent on the packing density.

Figure 15 shows spatially-averaged mean streamwise velocity and Reynolds shear stress
profiles for the three block geometries at packing densities of 33.3% and 16.7%. To emphasise
the variation of the canopy drag for different blocks in a given wind, we deliberately use U3y,
to scale the quantities. With the exception of the 1.5H45°(3RC) 16.7% case, the differences
between the mean velocity profiles within and immediately above the canopy are hard to
discern.

Oke (1988) suggests that a threshold line between the wake interference and skimming
regimes is h/W =~ 0.65, where h/W is the canyon aspect ratio, and W is the canyon width.
These data are based on a low ratio of building height to width, e.g. h/W = 1 (see Fig. 1,
where W = H for A, = 33.3%). Oke (1988) also suggests being prudent when using such
a threshold, given the uncertainties. As discussed in Sect. 5.1, the flow over the flat roofed
arrays at A, = 33.3% and h/W = 1.5 is in the skimming regime, whereas at A, = 16.7%
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Fig. 15 Effects of packing density and roof shape on a spatial- and time-averaged axial velocity profile, and
b spatial- and time-averaged Reynolds shear stress

and A/W = 0.725 it is in the wake interference regime. Again, these are supported by the
flow pattern, surface pressure and skin friction data.

The peak values of Reynolds shear stress for the higher packing density cases are all lower
than the peaks for the lower packing density.

It is crucial to note that the pitched roof increases the total drag coefficient substantially at
the higher packing density A, = 33.3%, whereas at the lower packing density A, = 16.7%
the effect of the roof on the drag coefficient is small. This confirms the observation in Sect. 5.1
that the pitched roof alters the flow regime at A, = 33.3%, but it does not at A, = 16.7%.
This suggests that the flow regime map against the canyon aspect ratio needs to take account
of roof shape, and requires a more systematic study of the issue, such as covering a certain
range of A, and /W, but as a starting point, a specific case is of interest. Given the significant
effect of the pitched roof, the width W, between one apex of pitched roof to the next apex
is used to calculate the canyon aspect ratio 4/ W,. For the pitched roof at A, = 33.3%, the
aspect ratio 2/ W, = 0.725 falls in the wake interference regime. This is consistent with the
h/W = 0.725 falling in the wake interference regime for flat-roof arrays at A, = 16.7%.

Figure 16 shows spatially-averaged mean streamwise velocity and Reynolds shear stress
within and immediately above the canopy. The spatially-averaged mean velocity profiles are
similar in shape, but the arrays with the lower packing density produce a smoother transition
in the mean flow at the canopy top. As with the values above the canopy shown in Fig. 15,
there is a clear difference in the values of Reynolds shear stress within the canopy for the two
packing densities. It is noticeable though that the pitched roof reduces the Reynolds shear
stress in most of the regions within the canopy, for both packing densities even though it
substantially enhances the the Reynolds shear stress at the canopy height when A, = 33.3%.
We speculate that the 45° slope on the windward side of the block convects most of the
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turbulence upwards and downstream, whereas the straight vertical windward side of the flat-
roof blocks convects a large fraction of the turbulence downwards into a large circulation
within the long street canyon as shown in Fig. 8.

6 Effects of Atmospheric Thermal Stratification

The study of flow over pitched roofs in neutral conditions as shown previously is a crucial
stepping stone, albeit that the occurrence of neutral atmospheric stability conditions is very
rare. In this section the effects of stable stratification are examined for pitched-roof cuboids.
Again, it is to be noted that the same turbulent and temperature inflow statistics were used for
the neutral and stable stratification as in the flat roof cases reported in Sessa et al. (2020). The
imposed turbulent kinetic energy at the inlet in the neutrally stratified case is approximately
twice that in the stably stratified cases.

Data from the STI domain is shown as spatially averaged between a(17H) — b(19H)
(Eq. 6). Figure 17 shows laterally averaged vertical mean velocity and Reynolds stress profiles
at x = 18.5H for four stratified conditions. The mean velocity profile is negligibly affected
by all the stratification conditions or the inflow turbulence level, whereas for flat-roof cuboids
in Sessa et al. (2020) (i.e. Fig. 7) the effect was more evident.

Figure 17 shows an evident effect of stratification and inflow turbulence level on the
turbulent statistics. The reduction of streamwise normal stress (Fig. 17b) in going from
Ri = 0.2 to Ri = 0.5 for the pitched roof case is approximately 7%, in contrast to a
reduction of 25% for the flat-roof case (Sessa et al. 2020). For Ri = 0.2 and Ri = 1 the
differences are 16% and 50% for the pitched and flat roof cases, respectively. These suggest
the effect of a pitched roof opposes that typically associated with the stable stratification.

@ Springer



Numerical Simulations of Boundary-Layer... 437

1.5H45° Neutral /
107 |- _ _ 15045 Ri=0.2 /1 107

............. 1.5H45° Ri = 0.5 \
- 1.5H45° Ri =1 \

S =
B 5 N 5
¥4
0 ' 0 .
° 05 ! 0 0.01 0.02 0.03
(a) U >u—1850 /Uso (b) < W Doinsy /Ufo
10 '\
¢
{
\
S
5 L
A
Nt
P e S P
0 i 0
0 0.005 0.01 0 5 4 5
(C) < w'w' > 4=18.5H /Ugo (d) < TWw >aissH /Uoo§<10'3

Fig. 17 Spanwise averaged data at x = 18.5H for neutral and stratified conditions, Ri = 0.2, 0.5, 1, a mean
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The evident differences in the streamwise and vertical stresses between the neutral and
the case Ri = 0.2 (in Fig. 17) are mainly due to the large difference of the inflow turbulence
level. Nevertheless, these differences for the pitched roof cuboids are far smaller than for
the flat-roof cases shown in Fig. 8 in Sessa et al. (2020). This suggests that the flow created
around pitched roof cuboids leads to an evident reduction in the effect of inflow turbulence
level, when compared to the flows over flat-roof cuboids for the same inflow conditions.

In neutral conditions the flat-roof generates around 10% stronger streamwise fluctuations
than the pitched roof, whereas it generates around 10% less vertical fluctuations than the
pitched roof (see Fig. 17, and Sessa et al. 2020). This suggests that the pitched roof generates
more three-dimensional turbulent eddies above the canopy, as opposed to the thin shear layers
generated by the flat roof at the canopy height. Thermal stratification normally inhibits vertical
momentum transport while pitched roofs promote it by pushing flow upwards or downwards,
so they have the opposite effect. The more energetic vertical turbulent fluctuations at the top
of the pitched-roof cuboids reduce the effects of the stratification and the inflow turbulence
level.

Figure 18 shows contours of vertical stress w’w’ across a vertical plane located at y =
—1.5H (see Fig. 3) for Ri = 0,0.2,0.5 and 1. Itis evident that the stable stratification reduces
the strength of fluctuations across the entire fetch of the domain. Figure 18 also shows that
the growth of the IBL is suppressed in the stratified flow. However, such a stratification effect
is evidently less effective in suppressing the IBL. when compared to its effect on the flow
over flat-roof cuboids (Sessa et al. 2020), as we discussed in the preceding paragraphs.

Sessa et al. (2018) developed an approach to defining the IBL interface by identifying the
abrupt change in gradient of the vertical Reynolds stress profiles. Following the methodology
of Sessa et al. (2018), we estimated the IBL depth for the pitched-roof array. Figure 19
shows spatially-averaged vertical normal stress profiles over an area of 2H (streamwise)
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x 12 H (lateral) centred at xjee = 4H, 6H, ..., and 22H, marked with 1, 2,..., and 10,
respectively. The spatial average is defined in Eq. 6, where a = xj., — H, and b = xj., +
H. The colour lines with symbols denote the IBL interfaces. It is evident that the thermal
stratification suppresses the IBL growth. The IBL depth in Fig. 19 is evidently greater than
that over a flat-roof array with the same input settings, including stratification condition Sessa
et al. (2020). This confirms our early concluding remarks that compared to the flat roof, the
pitched roof evidently enhances the mixing, significantly increases the aerodynamic drag,
and reduces the thermal stratification effect.

7 Conclusions

Large-eddy simulations have been carried out to simulate the flow of urban boundary layers
over idealized arrays of cuboids with and without pitched roofs, under neutral and stable
stratification conditions. The reliability and accuracy of the results has been ensured by con-
ducting rigorous evaluation tests, including examining mesh sensitivity and body conformity.

The results for a baseline flat roof cuboid array were first validated against previous data.
The same mesh and numerical settings were then preserved as far as possible to ensure the
reliability of flow simulations made for the 45° pitched roof cases.

The non-conformal Cartesian meshes used in some CFD codes, such as PALM4U and
uDALES, provide high computational efficiency, but their users might have doubts with
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Fig. 19 Spatially-averaged vertical normal stress profiles over an area of 2 H (streamwise) x 12H (lateral)
centred at xj,, = 4H, 6H,..., and 22H, marked with 1, 2,...,and 10, respectively. The coloured lines with
symbols denote the IBL interfaces. a,e Ri =0, b, f Ri =0.2,¢,g Ri =0.5andd,h Ri =1

regard to the accuracy, such as in the near wall regions. This study has examined their
accuracy of the global quantities, such as the spatially averaged mean velocities, second order
turbulent statistics and dispersive stresses. We conclude that these meshes produce accurate
spatially-averaged quantities compared to those from conformal (body-fitted) meshes.

Compared to that produced by an array of flat roof cuboids, introducing an array with
45° pitched roofs leads to significant changes in the mean flow field, the Reynolds stresses,
and drag, and increases the turbulent momentum flux at the canopy height by approximately
50%. The magnitude of these changes strongly suggests that it is important to account for
the effect of roof shape in urban arrays.

The results have shown that the pitched roof case exhibits a different flow regime to that
of the flat roof cases at packing density A, = 33.3%. The pitched roof, due to decreased
packing density in the top third of the canopy, is in the wake-interference regime, as opposed
to the skimming flow regime experienced by the flat roof cuboids. At A, = 16.7% both
the flat-roof and pitched roof cases are in the wake-interference regime. The normalised
spatially averaged profiles of Reynolds stress over the flat- and pitched-roof buildings show a
significantly smaller difference when compared to the results at A, = 33.3%. This suggests
that the pitched roof only plays a crucial role within a certain range of packing densities.

Although pitched roof and random height arrays are more common than flat-roofed build-
ings of uniform height in urban areas, current parametrizations are typically based on arrays
of uniform-height cuboids with flat roofs. The need for taking the effect of pitched roofs
into account is given more importance by the fact that the results showed a much stronger
effect for a packing density of around A, = 33.3% which is more common in suburban
regions than A, = 16.7%. The results suggest that omitting these effects in a high-resolution
meso-scale models may introduce non-negligible errors into boundary-layer predictions over
typical suburban and urban regions, where there are a high proportion of pitched roof or non-
uniform height buildings. Frontal solidity and packing density provide adequate descriptions
of arrays for developing parametrizations for the effects of flat roofed buildings in meso-scale
models, adding adding a further parameter to differentiate between arrays with different roof
geometries would improve the performance of these models.

Simulations show that having pitched roofs means that the effect of increasing stable
stratification conditions (0 < Ri < 1) is very much reduced in comparison to the same
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incoming flow for flat roof cuboids. The relative difference in the vertical fluctuations between
two weak stratification conditions (Ri = 0.2, and 1) is around 16% less for the pitched roof
cases, while a reduction of 50% is found for flat roof ones (Sessa et al. 2020). We conclude that
pitched roofs may greatly enhance the turbulent mixing in stable stratification conditions, and
so improve the urban ventilation in the local environment. Consequently, pollution models
which ignore the effects of pitched roofs may be overly pessimistic.
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