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ABSTRACT

A synthetic turbulence and temperature fluctuation generation method was developed in
Large–Eddy Simulations (LES) to investigate the effects of inflow turbulent conditions, ther-
mal stratification and wind direction on flow and dispersion over a rural–to–urban transition
region. The modelling approach was validated by comparing predictions of mean velocity,
turbulent stresses and point–source dispersion against data from a wind tunnel experiment.
The depth of the internal boundary layer (IBL) that developed from the leading edge of the
block array was determined using the wall–normal turbulent stress method that I developed
in this study. The method allowed the location of the interface to be more clearly defined by
using a power law formula of similar form to those derived in previous studies. The de-
velopment of the IBL was analysed in relation to the dispersion from a ground–level point
source within the urban array. It was found that the vertical transport of pollutant was con-
strained by the presence of the IBL so leading to trapping of material in the canopy layer. The
effects of weakly stable stratification (i.e. with the Richardson number Ri ≤ 1) on turbulence
and line source dispersion were investigated over the same rural–to–urban transition region.
Vertical profiles of wall–normal turbulent stress showed that the height and the growth rate
of the IBL were sensitive to the thermal stability and the turbulent kinetic energy (TKE) pre-
scribed at the inlet. Furthermore, it was found that increasing the stable stratification level
reduced the vertical transport of pollutant which increased the volume–averaged concentra-
tion within the canopy. The transport of pollutant below and above the canopy was analysed
for a mean wind direction inclined at angles to the main streets (i.e. 15◦ and 45◦) of the ur-
ban array. The natural ventilation below the canopy due to wind variation was found to be
greatly improved at the 45◦ compared to the normal wind direction (i.e. 0◦). For Ri = 0.2 the
effects of wind direction on turbulence and dispersion were found to dominate the effects of
weak thermal stratification. Lastly, an LES study of a field experiment confirmed that dis-
persion scenario is greatly sensitive to variations of wind direction which may produce large
concentration differences even in the far–field.
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1 Introduction

The aim of this PhD research is to improve our understanding of the mechanisms of air pol-
lution dispersion over rural–to–urban areas under various meteorological conditions, e.g.
thermal stratification and wind directions. In order to achieve this goal, numerical simula-
tions were developed and used. These were a valuable tool to make accurate predictions, to
gain deep insight into physical phenomena, and to improve design.

Figure 1.1: Example of smoke pollution released from industrial chimneys showing a serious
environmental issue. (www.gettyimages.co.uk)

Air pollution in urban areas is of increasing concern. Chemicals or other materials if released
or misused can cause death, serious injury, long lasting health effects and damage to the en-
vironment. The far–field dispersion can be well predicted using a Gaussian model, whereas
it is extremely challenging to accurately predict near–field dispersion. The accurate mod-
elling of pollutant dispersion from localized sources at short range is essential to undertake
important decisions such as rescue and mitigation procedures.

The major advantages of numerical modelling compared to experimental or field studies
are the lower costs and the capability of producing a large amount of data in a relatively
short time. Numerical models are used to estimate the concentration of air pollutants emit-
ted from sources such as industrial plants, vehicular traffic or accidental chemical releases.
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4 1 Introduction

They are also used to predict concentrations for different scenarios (i.e. changes in source’s
size/emission), to improve design. However, most of the current prediction tools in ur-
ban areas have limited application to ideal conditions (Wang et al., 2018; Cushman-Roisin,
Gualtieri, and Mihailovic, 2008) (i.e. non-buoyant flow over a flat surface). Thus it is essen-
tial to provide numerical models able to compute the flow and dispersion of contaminant
particles and gases within and around buildings, including the effects of nearby urban mor-
phology for different meteorological conditions.

The concentration near the source may rapidly change, firstly because of the turbulence gen-
erated in urban areas, and secondly because the concentration plume is generally smaller
than the size of background turbulent structures. In the attempt to address these issues,
several numerical approaches have been developed to improve basic understandings and
predictive capability. For example, large–eddy simulation (LES), which is the numerical ap-
proach used in this thesis, has received increasing consideration both because of its ability to
describe turbulence in detail and relatively low computational cost.

1.1 Atmospheric boundary layer

Whilst the atmosphere is more than 100km thick, the instabilities, which create meteorolog-
ical patterns and turbulent mixing, approximately occupy the first 10km from the ground,
forming the so called troposphere. The part of the troposphere closest to the ground, where
the atmosphere is affected by the ground surface, is called the atmospheric boundary layer
(ABL) and it extends for roughly 1km. The mechanical contact between the wind against the
land surface generates a friction which causes a wind velocity gradient (Cushman-Roisin
and Beckers, 2005). Excluding the thermal interaction, the ABL is characterized by neutral
stratification and the wind speed assumes a logarithmic profile generally limited to the low-
est 100m, within the ‘surface layer’ of the ABL:

uy =
u∗

κ

[
ln
(

y
y0

)]
(1.1)

where u∗ is the friction velocity related to the wall shear stress, κ the Von Karman constant
and y0 the surface roughness (assuming the y− axis along the vertical direction). For regions
with great plan area density, such as vegetation and buildings, the wind profile is also related
to the zero plane displacement d because the mean flow is not able to penetrate into the
surface (Drew, Barlow, and Lane, 2013):

uy =
u∗

κ

[
ln
(

y− d
y0

)]
. (1.2)

The roughness length y0 is equivalent to the height at which the wind speed theoretically be-
comes zero, whereas d is usually defined as the centre of the body forces (Stull, 1988). Hence,
giving a wind–speed observation at a certain height, the values of y0 and d are adjusted in
order to fit the velocity profile to Eq. 1.2.
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1.1.1 Surface roughness

Different approaches are used for the characterization of y0 and d. For example, Davenport
et al. (2000) suggested a detailed definition of the relation between y0 and the urban or in-
dustrial land use (Table 1.1.1). The effective terrain roughness was classified in five urban
categories ranging from the lowest value of 0.1m to the highest value of 2.0m, depending on
building density and height variation.

Table 1.1: Surface roughness y0 related to the urban/industrial site (Davenport et al., 2000)

Category y0 Urban/industrial site
Roughly open O(0.1m) Moderately open country with occa-

sional obstacles at relative separations
of at least 20 obstacle heights

Rough O(0.25m) Scattered buildings and/or industrial
obstacles at relative separations of 8
to 12 obstacle heights. Analysis may
need displacement length, d

Very rough O(0.5m) Area moderately covered by low
buildings and/or industrial tanks at
relative separations of 3 to 7 obstacle
heights. Analysis requires displace-
ment length, d

Skimming O(1.0m) Densely built-up area without much
obstacle height variation. Analysis re-
quires displacement length, d

"Chaotic" O(2.0m) City centres with mixture of low-rise
and high-rise buildings. Analysis by
wind tunnel advised.

The estimation of y0 and d depends on the shape, size, density and height of the roughness
elements (Davenport et al., 2000) and this is proved by using morphometric methods in wind
tunnel, numerical and analytical studies (Bottema, 1997; Wieringa, 1992). Morphometric
methods are based on the morphology of the urban area and frequently do not require high
instrumentation costs. For example, Counehan (1971) used a relationship to estimate the
roughness length based on the total plan area and the average building height. Davenport et
al. (2000) argued that many other building parameters are to be used (i.e. frontal area index,
width and density) because the roughness parameters change locally. However, Britter and
Hanna (2003) suggested to use a single averaged value of the roughness length as it was
found that wind flow and plume dispersion rates are relatively insensitive to small variations
of y0.
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1.1.2 Smooth and rough surfaces

Over a rough wall, it is typically assumed that the shear stress is dominated by the form drag
(the force acting opposite the relative motion) generated by the roughness elements whereas
for a smooth wall, the viscosity effects are relevant. However, both smooth and rough–wall
boundary layers have a similar outer regions.

The surface roughness may be evaluated by considering at least two characteristic lengths:
the height of the roughness elements and their spacing (Garratt, 1994). The former is in-
volved in the definition of smooth and rough surfaces in the aerodynamic sense. Assuming
the depth of the viscous sublayer δ1, where viscous processes are dominant, and the height
of the roughness element hτ, a surface is aerodynamically smooth when hτ << δ1 whereas
it is aerodynamically rough when hτ >> δ1. By increasing the wind speed, the viscous
sublayer δ1 decreases, therefore a surface may vary from being aerodynamically smooth to
aerodynamically rough.

Following Garratt (1994) and several experiments of flow over flat plates, for u∗hτ/ν < 5
a surface is aerodynamically smooth whilst for u∗hτ/ν > 75 it is aerodynamically rough.
Similarly, Snyder and Castro (2002) demonstrated in the laboratory that over a surface com-
prised of a staggered array of vertical fences, the viscous effects were significant for a rough-
ness Reynolds number Re∗ = y0u∗/ν equal or below unity. On the contrary, for a roughness
Reynolds number of at least 2, but perhaps close to 5, the viscous effects were negligible.

The inner layer is characterized by the wall’s characteristics. For example, the viscous length-
scale is defined as the important scaling factor for smooth walls, while additional parameters
such as the height of the roughness elements, lateral and longitudinal element dimensions
and inter–obstacle spacing are required for the characterization of rough or very rough walls
(Barlow and Coceal, 2008). In urban environments, the ground surface is usually considered
a very rough wall, so that the viscous sublayer may be replaced by a roughness sublayer
(Coceal et al., 2014) which provides the dominant mechanism for generating near–wall tur-
bulence.

1.1.3 Roughness and inertial sublayers

The structure of the flow over a rough surface is generally divided into a roughness sublayer
(RSL) where the flow is governed by the individual roughness elements and the velocity is
spatially inhomogeneous, and an inertial sublayer (ISL) where the wind flow only varies with
the height as it appears horizontally homogeneous (which also represents one assumption
for the application of the logarithmic wind function) (Britter and Hanna, 2003). The basic hy-
pothesis of a local equilibrium between production and dissipation (Monin-Obukhov Simi-
larity Theory, MOST) is only valid in the inertial sublayer as it is assumed that the turbulent
structures are simply transported (Monin and Obukhov, 1954).

The interface between the two layers is sensitive to the surface roughness elements but
usually the depth of the roughness sublayer is 2–5 times the mean height of the elements
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(Giometto et al., 2016). In some cases (i.e. during unstable atmospheric conditions), the
depth of the RSL can be 10 to 15 times the mean building height (Barlow and Coceal, 2008).
In a very rough wall regime, the RSL may dominate over the ISL in terms of turbulence
intensity and, as a consequence, the ISL may not form (Barlow and Coceal, 2008).

The general assumption is that the mean velocity profile is logarithmic in the inertial sub-
layer whereas the behaviour is no longer logarithmic in the roughness sublayer. However,
some authors (e.g., Coceal et al., 2014; Barlow and Coceal, 2008; Macdonald, 2000) have
concluded that by using a spatial average of the mean velocity, the profile may assume a
logarithmic form in the RSL.

Nevertheless, because of the great spatial variability of the flow within the roughness sub-
layer, there is still no comprehensive theory for its vertical structure (Giometto et al., 2016).
Several numerical and experimental approaches have been developed for the parametriza-
tion of the flow within this region. For instance, it has been identified that obstacle height
variability, obstacle shape, building arrangement and other geometric features may have a
significant impact on turbulent characteristics and scalar dispersion (Boppana, Xie, and Cas-
tro, 2010; Cheng and Porte-Agel, 2016; Davidson et al., 1996).

1.2 Urban environments

Because of increasing urbanization, scientists are strongly focussed on urban air quality,
wind flow and sources of pollutants within and beyond the urban area. The city scale is
usually defined by the diameter of the average urban region (Britter and Hanna, 2003). This
area, having large obstacles, is characterised by a strong drag force that distinguishes the
city area from the surrounding rural region. In urban environments, wind characteristics
and local turbulence intensity have an explicit influence on people mobility and comfort.
Temperature, weather and wind conditions also play a dominant role in the exchange pro-
cesses between indoor–outdoor building environments. Building materials affect the rate
of heat transfer through the building walls, so the indoor air quality and energy use. On
the contrary, the outdoor air quality is sensitive to the type, number, location and intensity
of pollutant sources within and beyond the city. Transport and dispersion of pollutants are
driven by urban turbulence, for this reason it is currently observed and analysed with great
interest.

1.2.1 Urban turbulence

Urban turbulence is the result of all the instabilities occurring in environmental flows. One
advantage for environmental systems is that the turbulence is an extremely efficient agent of
dispersion and dilution, but in the meantime, it is a phenomenon beyond any easy descrip-
tion.
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The parameter which characterises the level of turbulence is the Reynolds number, defined
as the ratio between the amount of the flow kinetic energy and the work of viscous forces:

Re =
ρ0UL

µ
(1.3)

where ρ0 is the density of the fluid, U a characteristic velocity value, L a characteristic length
of the geometry and µ the dynamic viscosity of the fluid.

Turbulent flows occur at high Reynolds numbers and are characterized by irregularity or
randomness, being rotational and dissipative. For large Reynolds number the inertial forces
are dominant over the viscous forces, therefore the flows exhibit complex spatial patterns
and much temporal variability (Cushman-Roisin, Gualtieri, and Mihailovic, 2008). Another
important characteristic of a turbulent flow is its ability to transport and mix fluid much
more effectively than a comparable laminar flow. This observation applied to the transport
and mixing of momentum and heat in flows is of great practical importance as it is the major
motivation for the study of turbulent flows (Pope, 2000).

The first measurements and observations of turbulence over urban and suburban areas looked
at the effect of human activity in the urban area and its surroundings on the turbulent ve-
locity components, from day to night. For example, Clarke et al. (1978) showed that in the
St. Louis area, during the night, the turbulence intensity in the residential zone was roughly
double that of the rural region, whereas during the day, it was approximately 30% higher.
It was concluded that, particularly during the night, human activities in the city centre not
only generate more turbulence than in rural regions but also sustain the air instability by
adding heat to the atmosphere.

The feature which characterises the urban turbulence compared to the surrounding area is
the extension of the roughness sublayer due to the surface morphology as it governs the
dynamics at the city scale region and beyond. Fig. 1.2 shows a schematic of the atmospheric
boundary sublayers over a typical urban area: the urban canopy sublayer, the roughness
sublayer and the inertial sublayer. The surface layer, which includes the roughness and
inertial sublayers, extends up to the outer region.

The inertial sublayer is analysed with the standard atmospheric boundary layer formulas
(Eq: 1.2) because that region exhibits some statistical homogeneity. The urban canopy layer
is the lower part of the roughness sublayer with a depth equal to the mean building height
or the zero plane displacement d (Castro et al., 2017). In this region the flow is governed by
local obstacles as well as the arrangements of the streets, the plan area density, trees, vege-
tation and other topographic features. As a consequence, within the urban canopy layer the
flow is spatially inhomogeneous with a complex three dimensional structure. Lastly, in the
upper region of the roughness sublayer, the flow is still inhomogeneous and affected by the
characteristic length of the roughness elements. Within this layer turbulence intensity and
turbulent diffusion are sensitive to the wake regions forming behind the roughness elements
(Barlow and Coceal, 2008).
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Figure 1.2: Separation of the atmospheric boundary sublayers over a typical urban area (Brit-
ter and Hanna, 2003)

1.2.2 Urban internal boundary layer

Urban roughness is heterogeneous consisting of different types of surfaces (e.g. Antoniou
et al., 2016; King et al., 2017; Vasaturo et al., 2018; Tolias et al., 2018). A change in sur-
face roughness, such as exists at the edge of the city, or at the junction between the central
business district (CBD) and an area of surrounding low–rise buildings, leads to a region of
transitional flow as the turbulent boundary layer takes time to adapt to the new wall con-
dition (e.g. Smits and Wood, 1985; Cheng and Castro, 2002; Barlow, 2014; Cao and Tamura,
2007; Hanson and Ganapathisubramani, 2016). This transitional flow results from the devel-
opment of an internal boundary layer (IBL) above the roughness elements (i.e. Fig. 1.3). It is
challenging to identify the interface between the IBL and the approaching boundary layer.
The interface may have a crucial effect on scalar exchange. To gain a deeper understanding
of dispersion from a ground level source downstream of a change in surface roughness, it is
necessary to analyse the development of the IBL.

Barlow (2014) reviewed observations and modelling studies of turbulent boundary layers
approaching a rural–to–urban transition region (rough–to–very rough surface change) and
found that on the city scale an IBL began to form at the junction between the smoother ru-
ral and the rougher urban surfaces. However, on the neighbourhood scale, and close to
the ground, the flow was continuously adjusting to changes in roughness and that locally
generated IBLs were in equilibrium with the underlying surfaces. This meant that multiple
changes in roughness could lead to overlapping local IBLs and, as a consequence, the IBL
assumed a non-homogeneous 3-dimensional structure extending up to 2− 5 times the mean
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building height (Barlow and Coceal, 2008). These findings were supported by those of Han-
son and Ganapathisubramani (2016), who analysed boundary layer development across a
rougher–to–smoother surface change and identified an IBL with two regions: an energetic
region near the wall in which the flow had adapted to the new wall condition and an outer
region in which the flow retained characteristics of the upstream condition.

Figure 1.3: Schematic layout of the urban internal boundary layer forming at the rural-to-
urban transition region (Barlow, 2014) including the overlapping of local internal
boundary layers due to several changes of surface roughness.

The strength of the step change in roughness between two regions may be described by
the roughness length ratio (y01/y02), where y01 and y02 are the upstream and downstream
roughness lengths respectively. Alternatively, Jackson (1976) used atmospheric and wind
tunnel data to demonstrate that the growth rate of the IBL is essentially driven by the rougher
surface and is not related to the roughness length ratio, or to the ratio of boundary layer
thickness to roughness element height. This conclusion is supported by work conducted by
Townsend (1965) and Schofield (1975), who showed that if (y01/y02) < 1 (a change from
smoother to a rougher wall) only y02 is important in estimating the growth of the IBL.

Bradley (1968) conducted the first atmospheric experiments on IBL development due to an
increase in surface roughness. His observations showed that the growth rate of the IBL
was independent of wind speed and could be described well by Elliot’s formula (Elliott,
1958) which also indicates that the IBL development is independent of the roughness length
ratio:

δIBL

y02
= a

(
X

y02

)P

(1.4)
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where X is the distance from the step change, δIBL is the depth of the IBL, and P and a are
the exponent and the coefficient of the power–law formula respectively.

Elliott (1958) found that the coefficient a varied from 0.6 to 0.9 and that P = 0.8 for X/y02 >

1000. His work has been further confirmed by Wood (1982) and Pendergrass and Arya
(1984). Elliott (1958) emphasised that the exponent P = 0.8 in Eq. 1.4 was only valid for
X/y02 ≥ 1000 as it relied upon assumptions of constant stress and a logarithmic profile that
were only valid downstream of that point. He showed that closer to the roughness transition
point the development of the IBL could be fitted with a similar power law relationship, but
with a lower exponent P and greater coefficient a.

The development of the IBL close to the transition point was examined by Cheng and Castro
(2002) who performed an experimental study of the flow field immediately downstream of
a roughness transition in which they fitted their experimental results for the IBL at distances
of X/y02 < 1000 by applying Eq. 1.4 using an exponent P = 0.33 and a coefficient a =

10.56. This confirmed Elliott’s finding that the exponent P decreased while the coefficient
a increased as X/y02 was reduced. In their work Cheng and Castro (2002) defined the IBL
height as the location where the velocity was 99% of that for upstream roughness at the same
height. As noted above, this led to significant scatter in the derived IBL height due to the
difficulty of measuring 1% differences experimentally.

1.2.3 Urban dispersion

The dispersion of pollutants within and above urban canopies is a 3D–complex phenomenon
sensitive to wind direction, thermal stratification, source location, type of source, building
configuration, plan area density and so forth. The analysis of dispersion in urban areas at
the city scale is usually conducted by applying the Gaussian plume model, which is con-
sidered the simplest mathematical model and also the most commonly used in operational
modelling (Britter and Hanna, 2003).

The spatial distribution of the mean scalar concentration C from a continuous point–source
release is given by the classic Gaussian plume equation with ground reflection (Hertwig et
al., 2018):

C(x, y, z) =
Q

2πUpσyσz
exp

(
− z2

2σ2
z

)[
exp

(
− (y− hQ)

2

2σ2
y

)
+ exp

(
− (y + hQ)

2

2σ2
y

)]
(1.5)

where Up is a representative wind speed, Q is the constant mass emission rate, hQ is the
release height and σy, σz are the dispersion coefficients. If the source is located on the ground
then the release height hQ = 0 and Eq. 1.5 is reduced to the Gaussian plume equation without
ground reflection.

The Gaussian plume/puff model assumes that the pollutant dispersion has a Gaussian dis-
tribution or, in other words, a normal probability distribution. Frequently applied both for
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continuous, buoyant air pollution plumes or non–continuous air pollution puffs, the Gaus-
sian model is used in combination with empirical correlations for evaluating the growth of
the plume dimensions with the distance from the source location. Several computational
fluid dynamic models have been implemented for dispersion prediction in urban areas (e.g.,
Xie, Hayden, and Wood, 2013; Hertwig et al., 2018) as well as significant experimental data
(e.g., Vincont et al., 2000; Marucci and Carpentieri, 2020; Davidson et al., 1996; Theurer et al.,
1996; Brixey et al., 2009) from ground–level sources have been produced.

For example, Davidson et al. (1996) carried out wind tunnel tests of pollutant dispersion over
staggered and aligned arrays of obstacles from ground–level sources. It was concluded that
the lateral profile of the plumes followed a Gaussian distribution assuming a self–similarity
even below the canopy height. In contrast, the plume vertical profile was not self–similar and
the reflected Gaussian plume model was used in order to match the experimental results.
Moreover, it was found that the vertical dimension of the plume was sensitive to the height
of the building canopy.

Similar conclusions were achieved by MacDonald, Griffiths, and Cheah (1997) who per-
formed wind tunnel experiments over a regular array of cubes. After two rows of obstacles
downstream of the source location, the lateral distribution of the plume was of a Gaussian
type whereas the vertical profile was well approximated by the reflected Gaussian model. It
was further noticed that the width of the plume was in a direct relationship with the building
width–to–height aspect ratio. However, the mechanisms of pollutant dispersion were found
to be greatly sensitive to the urban configuration and eventually to the building height vari-
ations.

Further on this aspect, Boppana, Xie, and Castro (2010) used LES to simulate dispersion over
two different urban–like geometries: an array of equal height cubes and an array with ran-
dom heights. It was found that large amounts of pollutant were trapped in the wake regions
of the obstacles while lower amounts were observed in front. The weak–front pollutant pat-
tern was more evident for the uniform height array. For example, in Fig. 1.4 (Boppana, Xie,
and Castro, 2010), greater pollutant concentration was found in the wake regions behind the
obstacles and lower pollutant concentration in the front obstacle regions, for the uniform (a)
than the random (b) height building array. In addition, the surface flux of the scalar was
found to be higher for the random height array than the uniform height array, with the high-
est values closer to the tallest buildings, probably due to the higher turbulence intensity.

Recently, Fuka et al. (2018) simulated scalar dispersion from a ground–level point source
within an array of uniform height buildings and within an array with one periodically re-
peated tall building. It was found that the scalar plume was mainly transported upwards
if the source was located between two obstacles in a recirculation zone. Differently, if the
source was placed in a street parallel to the wind direction, the flow channelling caused the
plume to be mainly horizontally advected.

However, Theurer et al. (1996) and Belcher (2005) showed that far from a continuous release
(far–field), the exact location of the source and details of the street network in the given
locations did not substantially affect the scalar plume characteristics. On the contrary, close
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to the source (near–field) the building configuration and the exact location of the realising
point were found to be relevant in the accurate prediction of scalar dispersion (Theurer et al.,
1996; Xie and Castro, 2009).

Figure 1.4: Pollutant concentration within the canopy at the height z/h = 0.3. (a) C10S: uni-
form obstacles, (b) RM10S: random height obstacles (Boppana, Xie, and Castro,
2010)

1.3 Wind direction effects on turbulence and dispersion

Several studies investigated the influence of the street network and building morphology
on dispersion in urban areas. However, the understanding and the ability to predict pollu-
tant dispersion under real atmospheric conditions, including thermal stratification and wind
direction effects, is still at its infancy.

Most of the literature, including experimental tests and numerical simulations, focuses on
square or rectangular arrays of blocks arranged in regular patterns, so the prevailing wind
direction is normal to the front faces of the obstacles or in–line with the main streets. Nev-
ertheless, in real situations, the mean wind flow is never constant in either direction or mag-
nitude and the conditions simulated in experiments are rarely achieved. As a consequence,
when numerical results are compared with field measurements, inevitable discrepancies are
found.

Reduced–scale experiments and numerical studies could reproduce the flow fields at full
scale as long as the Reynolds number in reduced-scale models exceeds a critical value. This
hypothesis known as ’Reynolds number independence’ states that the normalized flow field
remains invariant with increasing Reynolds number above the critical value. Castro and
Robins (1977) conducted wind tunnel tests to study flows across a single cube at different
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Reynolds numbers and found that Reynolds number independence is achieved at ReC ∼
4000 based on the free–stream velocity and the cube’s height. Uehara, Wakamatsu, and Ooka
(2003) obtained a similar ReC ∼ 3500 for Reynolds number independence of atmospheric
boundary layer flows over a single cube.

Xie and Castro (2006) showed that the use of LES is feasible at high Reynolds number (i.e.
Reynolds number independence) and sufficient mesh resolution (i.e. h/16 with mean build-
ing height h) because the surface drag is dominated by pressure forces over geometries com-
prising sharp–edged obstacles. Therefore, viscous forces become negligible and the LES is-
sues (i.e. near wall–region and subgrid–scale modelling) are less relevant. These conclusions
were obtained by assuming the mean flow direction normal to the front face of the obstacles.
Claus et al. (2012) found that for few wind directions and building arrangements, Reynolds
number independence is less certain. However, Lim, Castro, and Hoxey (2007) analysed the
flow around a cube oriented at 45◦ concluding that the classical approach of scaling up from
wind tunnel test is perfectly acceptable for turbulent flows where no concentrated vortex
regions exist.

Britter and Hanna (2003) showed that the surface drag may vary substantially if the prevail-
ing wind direction is not in–line with the streets but rather aligned at prominent angles to
the obstacle faces. The roughness length yo used in the wind logarithmic law (Eq. 1.2) as well
as the zero–plane displacement d clearly differ for changes in the prevailing wind direction.
The flow within the canopy, the boundary layer thickness and therefore the mechanisms of
pollutant dispersion are greatly sensitive to wind direction and magnitude so the accurate
prediction of such phenomena is obviously harder for real test cases. The key for progress
is to consider wind variation effects on arrays of obstacles arranged in regular patterns and
analyse the effects on the mean flow and turbulent statistics. In this way, general conclusions
might be applicable to more complex circumstances.

To this end, Claus et al. (2012) simulated turbulent flows for various wind directions over
arrays of cubes in order to analyse the mean flow differences within the canopy and wind
direction effects on global properties. In Fig. 1.5 Claus et al. (2012) showed flow vectors
within the canopy of staggered (a, c) and square (b, d) arrays by simulating the wind direc-
tions φ = 0◦ (a, b) and φ = 27◦ (c, d). It was found that the recirculation regions behind the
obstacles were evident and not dissimilar to the staggered array for both wind directions (a,
c). On the contrary, for the uniform array the local flow direction was much more sensitive
to wind direction. In fact, the flow pattern at φ = 27◦ (d) was clearly different from the one
at φ = 0◦ (b), particularly behind the obstacles. Moreover, it was found that the total surface
drag could vary of up to 300% when different wind directions were considered. Similarly, the
roughness length y0 differed by a factor of 4 when the wind direction was rotated by 45◦. It
was concluded that locally the flow pattern within the canopy is sensitive to wind directions
although mainly directed along the streets. However, in a few case studies, the near–surface
average flow direction (averaged in time and over an horizontal plane covering the entire
domain) was found to be visibly non–sensitive to wind variations.
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Figure 1.5: Flow vectors at the height y/h = 0.5 within the canopy for staggered (a, c) and
square (b, d) arrays at wind direction φ = 0◦ (a,b) and φ = 27◦ (c,d) (Claus et al.,
2012)

Similar results were found by Xie (2011) where two different wind directions (90◦ and 51◦)
caused similar average wind directions near the ground, confirming that the inhomogeneous
canopy flow is more strongly influenced by the canopy morphology than the wind direction.
To this regard, Bezpalcova (2007) conducted an important study on the effects of wind vari-
ations on dispersion over urban geometries. A rectangular array of obstacles was used in
the wind tunnel to reproduce the Mock Urban Setting Test (MUST) performed in the Utah
desert. It was found that the flow within the canopy was driven by the shape of the obsta-
cle so that, when considering a non–aligned wind direction, the flow below the container
canopies oriented quickly in the parallel direction to the streets, along the length of the ob-
stacles.

Wind variations coupled with canopy morphology lead to significant effects on dispersion,
especially when the source is located within the canopy. For example, Xie (2011) observed
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that the maximum street–level concentration varied by a factor of 2 for the 51◦ wind direction
compared to the 0◦. The conclusions of that analysis and those of several other relevant stud-
ies (e.g., Claus et al., 2012; Bezpalcova, 2007) suggest that canopy morphology and prevailing
wind direction must be both accounted for the accurate prediction of pollutant dispersion.

1.4 Stable and unstable thermal stratification

Another atmospheric parameter usually neglected, which has large effects on turbulent in-
tegral length scales (e.g., Boppana, Xie, and Castro, 2014; Park and Baik, 2013; Lienhard V
and Van Atta, 1990; Flores and Riley, 2011; Grachev et al., 2008) and on dispersion (e.g., Xie,
Hayden, and Wood, 2013; Tomas, Pourquie, and Jonker, 2016; Sini, Anquetin, and Mestayer,
1996), is the atmospheric thermal stratification.

The contact between the lower atmosphere and the ground surface generates a thermal in-
teraction due to solar radiation which is absorbed immediately below the earth surface. In
turn, the surface emits its heat upward (in lower frequencies), which is retained in great
part by the atmosphere. This state of convection vanishes during the night, generating as a
consequence, vertical thermal stratification. Turbulence and vertical stratification hold the
troposphere in a permanent state of chaos that is still hard to analyse.

1.4.1 Flux Richardson number

Turbulent kinetic energy (TKE) is considered the most relevant parameter in micro–meteorology
because it represents a measure of turbulence intensity. Physical processes such as advec-
tion, buoyant production/consumption, mechanical shear production and turbulent trans-
port play a role in the TKE budget equation:
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Assuming that each term of the TKE equation (Eq. 1.6) is certainly important, we may focus
on: the second term on the left–hand side which is the advection of kinetic energy k due to
the mean velocity uj; the second term on the right–hand side which is the turbulent transport
of TKE with velocity fluctuations u′j and u′i; the fourth term on the right–hand side which is
the mechanical shear contribution (implicitly negative) or, in other words, the production of
kinetic energy due to the Reynolds stresses u′iu

′
j related to the velocity gradient ∂ui

∂xj
. The last

term on the right–hand side is the buoyant production/consumption of kinetic energy due
to density differences ρ′ induced by temperature variations.

The capability of the flow to maintain turbulence or become turbulent is determined by the
balance between all of these processes. In particular, thermal stability is due to the interaction
between buoyancy and wind shear. Assuming for example a stable–stratified atmosphere in
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urban environment, the mechanical turbulence generated by the wind shear over the build-
ings is generally suppressed by the restoring force of gravity. In this case, the buoyant term
in the TKE equation is negative (consumption of energy) whereas the shear term is the pro-
duction of energy. The ratio between the buoyancy and the shear terms is called the flux
Richardson number R f (Stull, 1988):

R f =
( g

θv
)(v′θ′v)

(u′iu
′
j)

∂Ui
∂xj

(1.7)

where in the buoyancy term (v′θ′v), v′ is the vertical velocity fluctuation, θ′v the temperature
fluctuation and g is the gravity acceleration. The turbulent shear stress u′iu

′
j is expressed as

a production in the TKE equation with a negative sign because it is implicitly negative. In
Eq. 1.7 the minus is dropped by convention so the denominator is always negative. There-
fore, in stable–stratified conditions the flux Richardson number is always positive because
the buoyancy term is negative. For unstable flows, the buoyancy term is positive so the flux
Richardson number is negative, for neutral flows is zero because the buoyant term is zero or
negligible compared to the mechanical shear.

1.4.2 Gradient Richardson number

The flux Richardson number is a widely used parameter for stable thermal conditions (e.g.,
Pardyak, Monti, and Fernando, 2002; Venayagamoorthy and Koseff, 2016). It may be used
to evaluate whether a turbulent flow becomes laminar but not the opposite. The reason is
that turbulent correlations v′θ′v do not pertain to laminar flows. To overcome this problem,
alternative ratios were introduced, based on the proportionality between of a few terms of
the TKE equation, as described below.

According to the eddy diffusivity theory (Sutton, 1932), the turbulent correlation -v′θ′v is
similar in form to the kinematic flux term (i.e. VU, the vertical kinematic advective flux
of U–momentum), apart from the fact that the perturbations are used instead of the mean
values. Thus, it is reasonable to expect the value -v′θ′v to be proportional to the gradient ∂θv

∂y

(e.g. -v′θ′v ' ∂θv
∂y ). Similarly, the turbulent shear stresses −u′v′ and w′v′ may be linked to ∂U

∂y

and ∂W
∂y respectively (e.g. −u′v′ ' ∂U

∂y and w′v′ ' ∂W
∂y ), where y is the vertical direction. If

these proportionals are assumed, then the gradient Richardson number Rg may be defined
as follows (Stull, 1988):
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Local measurements of wind shear and temperature gradient suggest a critical Richardson
number of Rc ∼= 0.25 and a number indicating the termination of turbulence of RT ∼= 1.
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A laminar flow becomes turbulent when Rg < Rc while a turbulent flow becomes laminar
when Rg > RT.

1.4.3 Bulk Richardson number

The gradient Richardson number has been successfully applied in several studies (e.g., Bal-
sley, Svensson, and Tjernstr, 2008; Silva et al., 1999) and is the formulation of the Richardson
number usually referred in literature. However, local temperature and velocity gradients
are difficult to measure accurately. Frequently, the meteorologists prefer to approximate the
gradients by using observations made at discrete intervals, yielding to the third and last
formulation of the Richardson number.

By approximating ∂θv
∂y to ∆θv

∆y , ∂U
∂y to ∆U

∆y and ∂W
∂y to ∆W

∆y , the ratio called bulk Richardson number
Ri is defined as follows (Stull, 1988):

Ri =
g∆θv∆y

θv
[
(∆U)2 + (∆W)2

] (1.9)

where ∆y is a characteristic vertical length–scale. Because of the simplicity to calculate, this
form is the most widely used in meteorology and engineering applications (e.g., Xie, Hay-
den, and Wood, 2013; Zoumakis and Kelessis, 1991). The finite differences in velocities are
computed from the ground to the top of the domain while the discrete temperature intervals
are calculated as the differences between the bulk temperature within the domain and the
temperature on the ground. It is often reasonable to replace the bulk temperature with the
free–stream temperature at the top of the domain, ensuring that the differences in the result-
ing Richardson number are negligible. Assuming the last formulation, the bulk Richardson
number is always positive for stable–stratified flows, negative for unstable–stratified flows
and zero in neutral conditions.

Whether or not expressed in fluxes, gradients or finite differences form, the Richardson num-
ber gives information about the stability of the flow and the level of turbulence. Further-
more, for positive Richardson number under stable conditions, low turbulence intensity is
expected. On the contrary, for negative Richardson number during unstable conditions, the
strong mixing leads to high turbulence intensity.

1.4.4 The Monin-Obukhov length

The scaling parameter used for thermally stratified flows and to quantify the effects of buoy-
ancy on turbulent flows is the Monin–Obukhov length L. It was so called because it is based
on the Monin–Obukhov similarity theory (Monin and Obukhov, 1954), but frequently it is
simply referred to the Obukhov length. This parameter correlates the mechanical shear term
with the buoyancy production or consumption of energy in turbulent flows. Originally, it
was defined as (Stull, 1988):
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where κ is the von Karman constant, ranging from 0.35 and 0.42. Assuming this formula-
tion, the Obukov length indicates the ratio between the shear and the buoyancy processes.
However, the total shear stress is also defined as τ = ρu∗2 (where u∗ is the friction velocity),
so the Obukov length is usually rearranged as follows:

L =
−θvu∗3

κg(v′θ′v)
(1.11)

The Obukhov length is negative during unstable thermal conditions because the buoyancy
term in the denominator is a (positive) production of turbulent energy. During stable thermal
situations, the Obukhov length L is positive because the buoyancy term is a (negative) con-
sumption of energy. Physically, the Obukhov length is the absolute height above the ground
where the contribution of the mechanical shear term to the turbulent kinetic energy equals
the contribution of the buoyancy effect. For stable stratified flows, the Obukhov length is
always positive, however, if L is very small (close to the wall), it means that the buoyancy
effects are relevant because their energy contribution equals the shear production in a region
where the latter is supposed to be high. On the contrary, if the Obukhov length is big and far
from the wall, it means that the buoyancy effects are almost negligible because they equalize
the mechanical energy contribution in a region where the latter is supposed to be low. Dur-
ing unstable situations, the Obukov length assumes similar meaning but (virtually) on the
other side of the wall. As a scaling parameter, the Obukhov length has been used to assess
the stability effects in the surface layer (e.g., Golder, 1972; Pahlow, Parlange, and Port-Agel,
2001).

1.4.5 Richardson number and Monin-Obukhov length relationship

In Sec. 1.4.1, the flux Richardson number has been defined as the ratio between the buoyancy
and shear terms of the TKE Eq. 1.6. In Sec. 1.4.4, the height from the ground where the
buoyancy and shear are approximately equal is defined as the Monin-Obukhov length. The
dimensionless Obukhov stability parameter y/L, where y is the height above the ground,
can be obtained directly from the flux Richardson number (Eq. 1.7) when approximating the
wind gradient ∂Ui/∂xj to u∗/κy (Reible, 2017):

y
L
=

R f

(1− 5R f )
; stable conditions (1.12)

y
L
= R f ; unstable conditions (1.13)

For stable thermal conditions, Eq. 1.12 shows that for R f −→ 0 then L −→ ∞ and the neutral
condition is approached. Whereas for positive values of R f , the relationship is limited by
R f = 0.2 as L −→ 0 and a ’strongly’ stratified condition is achieved.
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1.4.6 Summary of recent studies on thermal stratification

Nearly two decades ago, Britter and Hanna (2003) suggested that urban flows may be consid-
ered as neutral or nearly neutral in urban dispersion models. However, the topic of thermal
stratification in urban areas has recently received renewed attention (e.g. Kanda and Yamao,
2016; Boppana, Xie, and Castro, 2013), suggesting that non–neutral atmospheric stratifica-
tion conditions frequently occur in urban areas and neutral conditions may be the exception
rather than the rule (Wood et al., 2010). It has been documented that unstable thermal con-
ditions occur three times more frequently than stable and six times more than neutral condi-
tions over the city of London during the daytime (Wood et al., 2010). Furthermore, at night
the number of unstable cases was almost equal to the number of stable cases and four times
greater than the number of neutral ones, because of radiative cooling of the surface.

In stable conditions, pollutant concentration may increase and air quality may decrease
within the urban canopy because of the reduced dispersion in the vertical direction. De-
spite the increasing concerns regarding air quality, only a few experimental studies have
examined the effects of stable stratification on turbulent structures over smooth, rough (e.g.
Ohya, 2001; Williams et al., 2017), and very rough to urban (e.g. Marucci and Carpentieri,
2018a; Marucci, Carpentieri, and Hayden, 2018) surfaces, and the impact on passive scalar
dispersion (e.g. Yassin et al., 2005; Kanda and Yamao, 2016). Not surprisingly, only very few
numerical studies (e.g. Cheng and Liu, 2011; Xie, Hayden, and Wood, 2013; Boppana, Xie,
and Castro, 2013; Tomas, Pourquie, and Jonker, 2016; Huang and Bou-Zeid, 2013) have ex-
amined turbulence and dispersion in stably stratified flows over very rough–urban surfaces.
Two key problems remain to be addressed.

The first problem is to identify the critical level of stratification which can be interpreted
as signalling the start of ‘strongly’ stratified conditions. Williams et al. (2017) reported that
the critical bulk Richardson number, based on the boundary layer thickness, the free stream
velocity and the temperature difference across the boundary layer thickness, was 0.10 for a
smooth surface and 0.15 for a rough surface with a roughness length in wall units y+0 less
than 4. This confirms that a rough surface reduces the stratification effect compared to a
smooth wall, and also suggests that for a very rough urban surface, which would have a
much greater roughness length, the critical Richardson number is likely to be greater than
0.15.

In Chap. 4, stable thermal conditions were investigated for a bulk Richardson number Ri ≤
1. Assuming the formulation of Eq. 1.9, we claim that for Ri ≤ 1, the thermal stability
over an urban–like geometry may still be classified as weakly stratified (Britter and Hanna,
2003) because in real wind scenarios the wind speed approaches zero frequently (i.e. near
the building walls, during calm–windy day etc.) so that the Richardson number is typically
much greater than Ri = 1.

The second problem is that the urban surface is always heterogeneous. The change in surface
roughness associated with a flow crossing from a rural area into an urban area, or low-
rise buildings area into a central business district (CBD) with high-rise buildings, leads to
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a region of transitional flow as the turbulent boundary adapts to the new wall condition
(e.g. Hanson and Ganapathisubramani, 2016; Cheng and Castro, 2002; Tomas, Pourquie, and
Jonker, 2016; Marucci, Carpentieri, and Hayden, 2018; Sessa, Xie, and Herring, 2018). This
transitional flow results from the development of an internal boundary layer (IBL) above
the roughness elements. To understand how air quality may be impacted, it is necessary to
determine to what extent the step change of roughness and the thermal stratification together
affect flow and dispersion.

Tomas, Pourquie, and Jonker (2016) investigated the effect of stable stratification on flow
and line source dispersion by simulating a smooth–wall boundary layer entering a generic
urban area using LES. Although it was only considered a weakly stable condition with a bulk
Richardson number of 0.147, it was found that the IBL was 14% shallower than that in neutral
conditions and the turbulent kinetic energy was reduced by 21%. It should be noted that the
approaching flow was developed over a smooth–wall surface so that the inflow turbulence
intensity and integral length scales were not representative of a typical rural boundary layer.
This means that the subsequent turbulence and dispersion predictions downstream of the
step change in surface roughness were not representative of a true rural–urban surface.

1.5 Research objectives

This work is based on large eddy simulations of turbulence and ground–source dispersion
over a rural–to–urban transition region in various meteorological conditions. There are im-
portant aspects that will be investigated.

1. Is there an accurate method to evaluate the depth and growth rate of the internal boundary
layer (IBL) developing over a change in roughness?

2. Is ground–source dispersion affected by the development of the IBL?

3. To what extent do increasing thermal stratification and inflow turbulence intensity affect
the IBL thickness and ground–source dispersion?

Another aspect of this work is the investigation of wind direction effects on ground–source
dispersion. The two following questions will be answered.

4. Can we quantify the effects of wind direction on vertical and horizontal transport of pol-
lutant in neutral and stable thermal conditions?

5. What are the limitations of the developed LES model for the simulation of a full–scale field
study?

1.6 Thesis outline

In Chapter 2 the LES method was briefly described, including the filtering operation, the
sub–grid scale models, the wall function, momentum and transport equations. Following,
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the widely–used CFD code OpenFOAM settings were reported, with particular attention
to the pre and post–processing of the LES cases simulated. The code implementation con-
tributed by the author for his PhD research was discussed in Sec. 2.11.4.

In Chapter 3, the first part of this study has looked at the development of the internal bound-
ary layer (IBL) over a block array close to a sharp change in surface roughness and its effect
on dispersion from a ground level source for ratios of the downstream distance to the rough-
ness length of less than 300.

In Chapter 4, a synthetic turbulence and temperature fluctuation generation method embed-
ded in Large–Eddy Simulations (LES) was developed to investigate the effects of weakly
stable stratification (i.e. with the Richardson number Ri ≤ 1) on turbulence and dispersion
following a rural–to–urban transition region.

In Chapter 5, the transport of pollutant below and above the canopy was analysed for a
mean wind direction inclined to a different angle (i.e. 15◦ and 45◦) from the main streets of
the urban array.

In Chapter 6, a full–scale LES was performed to analyse a field experiment of gas disper-
sion.

In Chapter 7, final conclusions of this PhD research and comments on future development
were given.



2 Methodologies

2.1 Complexity of the urban geometry

Although computational power is increasing, the simulation of most real urban scenarios
is still a challenge when large and complex geometries are to be analysed. An affordable
solution is then to consider using urban–like arrays of obstacles and large–eddy simulations
to compute flow, turbulence and dispersion processes.

The cuboid elements represent either simple buildings or roughness elements, and the analy-
sis of such morphologies is beneficial to the understanding of building aerodynamics, urban
meteorology and boundary layer flows. At the neighbourhood scale (∼ 1km), real buildings
might show statistical homogeneities (i.e. low–rise adjacent buildings oriented in regular
patterns), so the modelling assumption of homogeneous buildings may be considered fairly
realistic. On the contrary, when modelling at the city scale (∼ 10km) the homogeneous as-
sumption is no longer valid because heterogeneous features (i.e. building height, size, shape
variation and non–regular patterns) cannot be neglected for the accurate prediction of tur-
bulent flows.

In order to improve the understanding of transport and diffusion of particles and gas within
such arrays of obstacles, it is useful to analyse the complex flow patterns due to the interac-
tions of the wind over a single building or groups of buildings. The characteristic regions of
the flow around an isolated obstacle are the separation zone at the upwind face, the cavity
in the lee of the obstacle, and the recirculation zone at the downwind face. In contrast, over
groups of buildings, the flow pattern is affected by the height, width and spacing between
the obstacles. Analysis of such flows have been already performed on arrays of staggered
cubes, as for example in Xie and Castro (2008), in Xie and Castro (2006), Hanna et al. (2002),
and around a surface–mounted cube (Castro and Robins, 1977), whereas the study of flow
around aligned cuboid elements (more complex than cubes) in a uniform or non–uniform
height array is still very poor.

Urban–like geometries can be characterised by two parameters: the plan area density λp =

Ap/AT and the frontal area density λ f = A f /AT, usually called "lambda parameters". Ap is
the total building plan area, AT the building lot area and A f the total building frontal area.
For regular arrays of uniform height obstacles, the frontal area is measured over the first
row of buildings. The frontal parameter λ f is the surface facing the wind flow so that, it is
implicitly correlated to the drag force. Typical values for λ f are 0.1 for moderate building
density and 0.3 for urban centres (Britter and Hanna, 2003). However, the lambda parame-
ters λp and λ f are not sufficient to fully characterise urban areas. For example, real urban
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areas have great variability of building height which generate large drag forces leading to
increases of friction velocity. Therefore, a change of surface roughness due to non–uniform
building heights leads to modifications in wind speed and shear stress profiles.

Another geometric unit that can be used to describe an urban area is the street canyon. Street
canyons are usually characterised by the aspect ratio, which is defined as the ratio of the
height of obstacles to the separation. The street–canyon effect occurs within the roughness
sublayer when the aspect ratio of the street leads to flow channelling along the main streets
and flow recirculation in the wake of the obstacles (Castro et al., 2017). Hanna et al. (2002)
compared a square array of aligned cubes with an array of staggered ones concluding that
a street–canyon effect was more prominent for the aligned array because of the higher flow
speeds between the obstacles. Castro et al. (2017) observed that when the streets between
the intersections in an array of cubes are only h in extent this is inadequate for the establish-
ment of the development of street–canyon flows. Therefore it was proposed a compromise
solution block (h × 2h × h) with h spacing on the basis that the street–canyons should be
longer than h and of smaller aspect ratio. The geometry designed by Castro et al. (2017) has
been widely tested (e.g. Hertwig et al., 2018; Fuka et al., 2018; Marucci and Carpentieri,
2018a) as part of the DIPLOS project (DIsPersion of LOcalised releases in Street networks;
www.diplos.org). The DIPLOS geometry introduces a geometrical asymmetry that is more
typical of actual street topologies.

Fig. 2.1 shows the regular urban array of uniform height cuboid elements used for the
described LES study. It was assumed cuboid elements with height h, width 2h and uni-
form spacing h in the lateral and normal direction so that, the plan area density measured
λp = 0.33. The domain measured 29h× 12h× 12h and included 48 cuboid elements (12× 4).
Hanna et al. (2002) compared model simulations with observation and found that flow char-
acteristics were converged after 7 rows of buildings. We used 12 rows of buildings to allow
a fully developed turbulent flow and to ensure sufficient model extension to analyse disper-
sion mechanisms. A sensitivity test was performed on the minimum length of the upstream
and downstream extensions, before and after the first and last row of buildings respectively,
to avoid buildings perturbations of the prescribed flow characteristics at the inlet and reverse
flow at the outlet. It was found that 3h extension with no obstacles was the minimum length
both upstream and downstream of the array. Castro et al. (2017) performed a sensitivity test
of different domain heights (y = 6h, 8h or 10h) and recommended a top domain of at least six
canopy heights in order to capture the most important turbulence features. In this study we
used a domain height of y = 12h to capture vertical motions of non–neutral turbulent flows
and to analyse the interaction between the internal and the external boundary layers.

By considering a simplified array of regular buildings, this study improves the basic under-
standing of boundary layers interaction and dispersion mechanisms in neutral and stable
thermal conditions. This is a required step before introducing geometric complexities such
as building height variations or changes in obstacle’s shape which may lead to dynamics
that are hard to discern.
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Figure 2.1: A regular array of uniform height cuboid elements.

2.2 Numerical models

In engineering applications the flow field is computed by using several computational ap-
proaches (i.e. Reynolds–averaged Navier–Stokes equations RANS, large–eddy simulations
LES, direct numerical simulations DNS, hybrid models) which mainly differ for the accuracy
of the solution and the required computational cost. From the energy spectrum point of view,
Fig. 2.2 gives an overview of the RANS, DNS and LES approach for modelling/resolving the
turbulent flow.

The RANS approach is to model all eddy frequencies, DNS resolves the entire turbulent en-
ergy spectrum while LES resolves up to the cut–off which is placed in the region of the spec-
trum where the energy is transferred without significant dissipation from the large scales to
the small scales (e.g. inertial sublayer). The remaining energy field is modelled by LES. The
difference between RANS and LES averaging process is that the former is performed over
time whereas the latter over space.

During the last 30 years the RANS method has been widely used for industrial applications
where the short–term tasks always require low–demanding methods. The method combines
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Figure 2.2: RANS, DNS and LES approach of modelling/resolving the energy spectrum

the time–averaged Navier–Stokes equations and a turbulence model (e.g. k − ε, k − ω) to
model the effect of all the scales of motion ensuring a relatively low computational cost.

The DNS approach is to resolve all the scales of motion and represents the most accurate
numerical method available. However, the required number of grid points to resolve all the
scales of motion is proportional to Re9/4 (Piomelli, 2008) hence, the method is hardly used
today for large Re–number problems.

LES is a computational method which lies between the RANS and the DNS solution. LES is
becoming a mature tool for computing unsteady 3–dimensional flows at high Reynolds num-
ber and over complex geometries. Following a filtering operation, in LES the larger–scale
motions affected by the geometry are solved explicitly, whereas the smaller scales, showing
a universal character, are simply modelled. Because the modelled small scales tend to be
homogeneous and isotropic, LES can be more accurate than the RANS approach and more
appropriate for 3D problems. Moreover, in LES the smaller scales only contribute for a small
fraction of the total energy (i.e. less than 10%) while the greater part of the flow information
is achieved by resolving the larger scales. This allows the use of a coarser grid resolution if
compared to DNS and much less computational time and computer resources. From these
considerations, the general goal of the present and future research is to extend the capability
of LES in terms of accuracy and efficiency when modelling 3D anisotropic turbulent flows
over complex geometries.

2.3 Large–Eddy Simulations

Most LES developments since 1963 have focussed on meteorological applications and mod-
elling atmospheric boundary layer flows. In particular, three main methodologies have been
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developed based on the flow characteristics and computational resources:

Table 2.1: LES methodologies (Pope, 2000)

Model Acronym Resolution
Large-eddy Simulation
with near-wall resolu-
tion

LES–NWR The filter and the grid
are sufficiently fine to
resolve 80% of the en-
ergy everywhere

Large–eddy Simulation
with near-wall mod-
elling

LES–NWM The filter and the grid
are sufficiently fine to
resolve 80% of the en-
ergy remote from the
wall, but not in the
near–wall region

Very–large–eddy Simu-
lation

VLES The filter and the grid
are too coarse to resolve
80% of the energy

Briefly, the LES–NWR requires a very fine grid near the wall, thus considering the relation
between the viscous length scale and the Reynolds number, the method is infeasible for
high–Reynolds–number flows. Most of the meteorological applications of LES as well as the
present research, are conducted by using LES–NWM, which implies that about 80% of the
total energy is resolved and only the near–wall energy is modelled, assuming the local equi-
librium of the near–wall region. Wall–layer models, also known as approximate boundary
conditions are based on equilibrium laws which assume the validity of a law–of–the-wall
because the dynamics of the wall–layer region is universal (Piomelli et al., 2003).

2.3.1 Filtering operation

LES methods perform a filtering operation on the Navier–Stokes equations so that the fil-
tered velocity U(x, t) is computed explicitly whereas the residual (or subgrid–scale, SGS)
component u′(x, t) is modelled. Assuming an homogeneous filter function, the velocity field
has the decomposition:

U(x, t) = U(x, t) + u′(x, t) (2.1)

where, if U(x) is a random velocity field defined in one dimension (x) and G(r) is the ho-
mogeneous filter associated with wavelength r, the filtered velocity field is given by the
convolution (Pope, 2000):

U(x) ≡
∫ +∞

−∞
G(r)U(x− r) dr (2.2)

The most frequently used filters are the box filter, the Gaussian filter and the sharp spectral
filter (Fig. 2.3). The simplest filtering method is the box filter G(r) = 1

4H( 1
2 4−|r|) where

4 is the filter width, proportional to the grid spacing. The box filter defines U(x, t) as the
average of U(x′) in the interval x− 1

24 < x′ < x + 1
24.
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Figure 2.3: Filters G(r): box, Gaussian and sharp spectral filters (Pope, 2000)

The Gaussian filter function is the Gaussian distribution with mean zero whereas the sharp
spectral filter function is defined as:

G(r) =
sin (πr/∆)

πr
(2.3)

In Fig. 2.4 it is shown an example of Gaussian filtered velocity U(x, t) following the general
trend of U(x) where the short length scale fluctuations are removed.

2.3.2 Filtered conservation equations

Assuming spatially uniform filters, the filtered continuity equation is:

(
∂ui

∂xi

)
=

∂ui

∂xi
= 0 (2.4)

whilst the momentum equation in conservative form is:

∂ui

∂t
+

∂ui uj

∂xj
= ν

∂2ui

∂xj∂xj
− 1

ρ

∂p
∂xi

(2.5)

where p(x, t) is the filtered pressure field and the filtered product uiuj differs from the prod-
uct of the filtered velocities ui · uj of the Navier–Stokes equations. The difference defines the
residual–stress tensor:
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Figure 2.4: Upper curves:velocity field U(x) and the corresponding filtered field U(x, t).
Lower curves: the residual field u′(x) and the filtered residual field u′(x) (Pope,
2000)

τR
ij ≡ uiuj − ui uj (2.6)

from which, the anisotropic residual–stress tensor is defined as:

τr
ij ≡ τR

ij −
2
3

krδij (2.7)

while the modified filtered pressure includes the isotropic part:

p̄ ≡ p +
2
3

ρkr (2.8)

From these definitions, the filtered momentum equation 2.5 can be rewritten as:

∂ui

∂t
+

∂ui uj

∂xj
= ν

∂2ui

∂xj∂xj
−

∂τr
ij

∂xj
− 1

ρ

∂p
∂xi

(2.9)

Closure of the filtered continuity and momentum equations (Eq. 2.4 and Eq. 2.9) is given by
modelling the anisotropic residual stress tensor τr

ij by using a subgrid–scale (SGS) model.
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2.4 The Smagorinsky model

The simplest and commonly used subgrid–scale (SGS) model is the one proposed by Smagorin-
sky in 1963. The residual stress tensor is related to the filtered rate of strain by the eddy
viscosity νr(x, t) of the residual motions.

τr
ij = −2νrSij (2.10)

where Sij =
1
2

(
∂ui
∂xj

+
∂uj
∂xi

)
.

The eddy viscosity νr is modelled as:

νr =`2
SS (2.11)

=(CS∆)2S (2.12)

where S is the characteristic filtered rate of strain and `S = CS∆ is the Smagorinsky length
scale, related to the filter width ∆ through the Smagorinsky coefficient CS.

The model gives closure to the governing equations and implies that the energy transfer is
everywhere from the filtered motions to the residual motions with no backscatter.

2.4.1 Law of the wall

The viscous wall region is a critical issue especially for LES, because the production, dissipa-
tion, kinetic energy and Reynolds–stress anisotropy reach the highest value at y+ less than
20, where y+ is the distance in wall units (see below) of the centroid of the first cell from the
wall (Pope, 2000). A typical criteria is then to increase the grid resolution in the vicinity of
solid walls in order to have y+ of the order of unity.

In that case, the local wall shear stress is obtained from the laminar stress–strain relation-
ships:

u+ =
u
ûτ

, y+ =
ρûτy

µ
, y+ = u+,

where ρû2
τ is the local shear stress. If the inner–layer eddies are resolved, a constant grid

spacing in wall units must be used. Piomelli (2008) suggested that for boundary layer or
channel flows, the streamwise grid size must be4x+ ' 100 while the lateral grid size4z+ '
20 (where x+i = xiuτ/ν). However, due to the complexity of some geometries or to the near–
wall mesh (y+), which is not fine enough to resolve the viscous sublayer, this criteria is not
always satisfied. Indeed, Xie and Castro (2006) showed that for flows over an array of cuboid
elements where separation and attachment occur, to obtain the overall surface drag, it is not
necessary to resolve the viscous sublayer everywhere. Therefore, it is typically assumed the
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centroid of the first cell from the wall, being within the logarithmic region of the boundary
layer:

u
ûτ

=
1
κ

lnE
(

ρûτy
µ

)
(2.13)

where κ is the von Karman constant and E is an empirical value.

2.4.2 Van Driest damping function

Following the definition of eddy viscosity (Eq. 2.12) in Sec. 2.4:

νr = (CS∆)2S, (2.14)

the specification of the Smagorinsky length scale `S = CS∆ is only reasonable for ∆ in the
inertial subrange1 and high Reynolds number. In the near–wall region these assumptions
are not valid and the definition of `S yields, incorrectly, to excessive eddy viscosity and shear
stress at the wall. For this reason, where the near–wall mesh is fine enough to resolve the
viscous sublayer, it is assumed the van Driest damping function to specify `S as:

`S = CS∆[1− exp
(
−y+

A+

)
] (2.15)

where A+ is a constant. This function damps the Smagorinsky length scale in the viscous
sublayer leading to a more correct behaviour near the wall.

The Smagorinsky model supplemented with a wall–damping function is known to give ac-
curate results when applied to simple flow fields. However, the wall function of van Driest
form specifies `S as a function of the wall–unit coordinate y+. The latter is calculated based
on the wall friction velocity u∗, which becomes very small near a flow reattachment point.
As a consequence, in that region the damping function is unreasonably applied (Inagaki,
Kondoh, and Nagano, 2005).

Another defect of this model is the inaccuracy in regions where free–shear layers exist. The
residual eddy viscosity of Eq. 2.12 is a function of the characteristic filtered rate of strain S. In
free–shear layer regions, the rate of strain assumes high values leading to an overestimation
of the SGS eddy viscosity νr.

1The region where, on average, the transfer of energy to the residual motions is balanced by the dissipation
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2.5 Dynamic Smagorinsky model

In order to overcome the defect related to the use of a wall–damping function, a new model
known as dynamic Smagorinsky was proposed by Germano et al. (1991). By applying the
"Germano identity", a stress–tensor Lij is defined as:

Lij = Tij − τ̃ij = ˜̄uiūj − ˜̄ui ˜̄uj (2.16)

where ( ˜ ) denotes the test–filtering operator and Tij = ũiuj − ˜̄ui ˜̄uj is the sub–test–scale
stress.

Applying the Smagorinsky model to Tij and τij (Eq. 2.12), Lij is:

Lij = −2(CS∆̄)2Mij (2.17)

In the dynamic Smagorinsky model the constant CS is calculated by the least–square error
minimization (Lilly, 1992):

(CS∆)2 = −1
2
〈Lij Mij〉
〈Mij Mij〉

(2.18)

where Mij =
(

∆̃
∆

)2
|S̃|S̃ij − ˜|S̄|S̄ij. The angle brackets denote instantaneous averaging over

homogeneous directions, ˜̄∆ is calculated as
√

∆̄2 + ∆̃2 and usually γ = ∆̃
∆

is set to
√

3. CS

is the function of time and inhomogeneous direction (Germano et al., 1991) and there is no
need to give the model parameter or a wall–dumping function. Although the defect of the
standard Smagorinsky model is overcome, the dynamic Smagorinsky model still suffers of
numerical instability as it is not guaranteed that the SGS eddy viscosity is always positive.

2.6 Mixed–time–scale model

To avoid numerical instabilities and the use of a wall–damping function, another SGS model
called mixed–time–scale was proposed by Inagaki, Kondoh, and Nagano (2005). Typically,
the residual eddy viscosity νt may be expressed in two possible ways:

νt ∝ (Velocity scale)× (Length scale)

or

νt ∝ (Velocity scale)2× (Time scale).

The standard Smagorinsky model (Eq. 2.12) follows the first formulation, where ∆̄|S̄| rep-
resents the velocity scale and ∆̄ is the length scale. On the contrary, the mixed–time–scale
model obeys to the second expression by assuming the SGS turbulent kinetic energy k, where
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√
k is the velocity scale. The kinetic energy is solved by the k–equation or estimated by fil-

tering a velocity field (e.g. Horiuti, 1993):

kes = (ūk − ˆ̄uk)
2 (2.19)

where ( ˆ ) represents the filtering operator. Near the wall, the use of a damping function is
avoided because the estimated kinetic energy approaches zero in the laminar–flow region
thus, the SGS eddy viscosity νt is ensured to approach zero. The proposed model reads as
follows:

νt = CMTSkesTS (2.20)

where

T(−1)
S =

(
∆̄√
kes

)−1

+

(
CT

|S̄|

)−1

(2.21)

is the time scale, defined as the harmonic average of
(

∆̄√
kes

)−1
(the characteristic time scale

of the small scale turbulence) and
(

CT
|S̄|

)−1
(the time scale of the large scale turbulence).

The model parameters CMTS and CT are set to 0.05 and 10 (Inagaki, Kondoh, and Nagano,
2005), respectively. By using the harmonic average, the time scale TS tends to 1

|S̄| near the wall
hence, the eddy viscosity νt → 0 as |S̄| is increasing and the use of the dumping function is
avoided. Far from the wall, the rate of strain |S̄| tends to zero, however the first term on the
right hand side of Eq. 2.21 approaches to zero faster, so that the residual viscosity νt is equal
to CMTS∆̄

√
kes. In this way, the model does not suffer of the zero–divide problem when |S̄|

approaches zero away from the wall. In relation to the type of flow and the geometry being
considered, the mixed-time–scale model may be in different measure more accurate than the
standard Smagorinsky model.

Here, the standard Smagorinsky was used for the LES analysis of the non–buoyant atmo-
spheric boundary layer over a rural–to–urban transition region (further details in Chap. 3).
Differently, the mixed-time–scale model was used for the LES analysis of stable thermal ef-
fects on the transport of pollutant (further details in Chap. 4) to ensure more accuracy for
the evaluation of vertical transport at the canopy region for slightly different thermal condi-
tions.

2.7 Transport equation of a passive scalar

In Chapter 3, scalar dispersion from a ground–level point source is discussed. As men-
tioned in Sec. 1.2.3, the dispersion analysis is usually conducted by assuming the Gaussian
plume/puff model for the scalar concentration. In this work, the scalar concentration values
are calculated explicitly by solving the filtered transport equation of a passive scalar:
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∂C
∂t

+
∂ujC
∂xj

=
∂

∂xj

[
(K + KSGS)

∂C
∂xj

]
+ S (2.22)

where C is the filtered mean scalar concentration, K is the molecular diffusivity, KSGS is the
subgrid turbulent diffusivity and S is the source term. The subgrid turbulent diffusivity is
computed as:

KSGS =
νSGS

ScSGS
(2.23)

where ScSGS is the subgrid turbulent Schmidt number which is assumed to be constant. The
molecular Schmidt number Sc is computed from the molecular diffusivity K as:

Sc =
ν

K
(2.24)

where the molecular diffusivity of a generic passive gas K is a constant material property.

2.8 Temperature transport equation

Similarly to the scalar equation, temperature values are computed explicitly by solving the
filtered temperature transport equation:

∂T
∂t

+
∂ujT
∂xj

=
∂

∂xj

[
(d + dSGS)

∂T
∂xj

]
(2.25)

where T is the filtered mean temperature, d is the thermal diffusivity and dSGS is the subgrid
turbulent diffusivity. The latter is computed as:

dSGS =
νSGS

PrSGS
(2.26)

where PrSGS is the subgrid turbulent Prandtl number which is assumed to be constant. The
Prandtl number is calculated from the thermal diffusivity d as follows:

Pr =
ν

d
(2.27)

where the thermal diffusivity d is a constant property. The subgrid turbulent and molecular
Schmidt and Prandtl numbers are analogous. The first is used in relation to mass transfer
while the second in relation to heat transfer. If considering the temperature as a scalar (i.e.
gravity g = 0), those two numbers assume the same meaning.
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2.9 Inflow Boundary Condition Technique

A critical issue when dealing with Large–Eddy Simulation is the generation of realistic and
computationally efficient inflow boundary conditions. Assuming the features of urban bound-
ary layer flows are governed by high Reynolds number and fully developed turbulence, if
the inflow conditions are poorly defined in terms of temporal and/or spatial correlation, the
results are less accurate and the computational cost to achieve a steady state solution rapidly
increases.

Several past studies demonstrated that proper generation of inflow boundary conditions is
required when LES is applied to wind engineering problems in urban environments (e.g.
Vasaturo et al., 2018; Batten, Chakravarthy, and Goldberg, 2004). In fact, inflow turbulence
plays the major role in the accurate prediction of particular processes such as the unsteady
dispersion of pollutants in a turbulent atmospheric boundary layer (e.g. Sessa, Xie, and
Herring, 2018).

Synthetic turbulence methods are based on various stochastic algorithms to generate inflow
turbulence fluctuations. The generated coherent fields, including the pre–defined mean flow,
are prescribed at the inlet of the computational domain according to different techniques.
Because of the practical importance for industrial applications, there are a variety of methods
available for generating inflow turbulence for large–eddy simulations. These can further be
classified in sub–categories such as the Fourier technique (spectral method), digital filter
approach, proper orthogonal decomposition (POD) method, synthetic eddy method (SEM)
etc. The two synthetic inflow turbulent methods most frequently used are the synthetic
random Fourier method (spectral method) and the synthetic digital filtering method.

The spectral method assumes a given energy spectrum of homogeneous isotropic turbulence
and 1-dimensional problems. By using a trigonometric function of wave vectors kn and en-
ergy E(kn), the velocity components are reconstructed. Applications of the spectral method
are limited by the assumptions of isotropic turbulence, 1-dimensional problems and gener-
ated fields not correlated in time.

The digital filtering method starts from a series of random data, a filter function and any
known types of correlation function to generate velocity components correlated in time
and/or space. Differently from spectral method, the digital filtering method is applied to
3-dimensional problems and non–isotropic turbulence. However, the divergence–free con-
straint is rarely imposed. From an engineering point of view, the digital filtering method is
more attractive than the spectral method because of its ability to impose a 2–point spatial
correlation directly (Wu, 2017).

Examples of inflow turbulence applications are provided in literature demonstrating the
growing interest of LES researchers. Few current methods are able to generate artificial tur-
bulent inflow but only temporal correlations are preserved. For example, Hanna et al. (2002)
generated one–dimensional time series of inflow data based on an exponential correlation
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function to simulate flows over an array of cubes. Although the method was computation-
ally efficient, the accuracy was seriously limited because no spatial correlation function was
set at inlet.

Batten, Chakravarthy, and Goldberg (2004) designed random phases and amplitudes to sum
up a set of sine and cosine in order to generate a turbulent fluctuation field able to preserve
space/time correlations and second order moments. Keating et al. (2004) used the procedure
to simulate a plane channel flow demonstrating that the efficiency failed the expectations.

In this study we used an efficient method of generating turbulence at inlet (Xie and Castro,
2008), embedded in large–eddy simulations within the CFD code OpenFOAM. The method
is based on the exponential correlation function (Eq. 2.28) to design a filter (Eq. 2.29) on a set
of two–dimensional data.

umum+k

umum
= Ruu(k∆x) = exp(−π|k|

2n
) (2.28)

um =
N

∑
j=−N

bjrm+j (2.29)

where L = n∆x is the length scale, ∆x is the grid size, rm is a series of data (rm = 0, rmrm =

1) and bj are the filter coefficients. By using the exponential function Eq. 2.28, the two–
dimensional data of the current time step are correlated with the two–dimensional data of
the previous time step iteratively:

Ψβ(t +4t, y, z) = Ψβ(t, y, z) exp
(
−π4t

2T

)
+ ψβ(t, y, z)

[
1− exp

(
−π4t

T

)]0.5

(2.30)

where T is the Lagrangian time and ψβ(t, y, z) is fully random in time with variance equals
to unity. Therefore, the velocity components are calculated by considering the following
transformation (Lund, Wu, and Squires, 1998):

ui = ui + aijΨj (2.31)

where

[aij] =


R̂1/2

11 0 0

R̂21/a11 (R̂22 − a2
21)

1/2 0

R̂31/a11 (R̂32 − a21a31)/a22 (R̂33 − a2
31 − a2

32)
1/2

 (2.32)

and R̂ij is the Reynolds stress tensor obtained from experimental data and prescribed at inlet.
One assumption of the method is that the mean flow is homogeneous in the lateral direction,
hence a31 and a32 vanish in Eq. 2.32 whereas the integral length scales in lateral and vertical
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directions are supposed to be constant. In the streamwise direction, the Lagrangian time
scale is assumed to be constant so that, considering an axial mean velocity of logarithmic
form at inlet, the integral length scale also follows a log–law function.

The required inputs to initialise the method are dimensions and grid size of the virtual patch,
axial mean velocity, Reynolds stresses and integral length scales in three directions. Artifi-
cial coherent turbulence structures are first generated on the virtual patch of uniform size
grid and then interpolated in space to the inlet patch of the computational domain. The
generated fields also satisfy a spatial correlation function of exponential form. The use of
an exponential function both in time and space is justified by the simpler implementation
allowing faster iterations than a Gaussian distribution. To summarise, the method allows
spatially and temporally varying turbulence scales on uniform or non–uniform grids to be
imposed at inlet.

2.10 IBL height calculation methods

The flow over an array of cuboid obstacles is a complex, anisotropic 3D turbulent flow. If
the TKE generated upstream of the leading edge is similar to that produced downstream,
then identifying the interface between the internal and external boundary layers may be
difficult. For example, some authors (e.g., Cheng and Castro, 2002; Schlichting and Kestin,
1979) have defined the height of the IBL as the point on a log–linear plot where the velocity
reaches 99% of that for upstream roughness at the same position. However, this definition is
difficult to use because of the uncertainty of measuring differences of 1% experimentally or
numerically.

An accurate method for defining the edge of the IBL helps to analyse flow and dispersion
mechanisms over roughness transition regions, in particular in some specific scenarios such
as in stable stratification (e.g. Kanda and Yamao, 2016). A step change over cuboid elements
with uniform height, perpendicular to the flow direction, determines a more visible interface.
The interface is more well-defined as greater is the difference between the TKE below and
above it.

In Chapter 3 we tested two alternative methods proposed by Antonia and Luxton (1972)
(Method I) and Efros and Krogstad (2011) (Method II). Upon validation, we then designed a
third method (Method III, Sessa, Xie, and Herring, 2018) to calculate the height of the IBL.

Method I (Antonia and Luxton, 1972) involves plotting the streamwise velocity profile at a
series of locations, downstream of the step change in roughness, against the square–root of
the height above the ground. According to Method I, the velocity profiles show a discontinu-
ity point between two distinct linear slopes which can be approximated by two straight line
segments corresponding to the external and IBLs. The intersection of the segments defines
the height of the IBL.
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Method II devised by Efros and Krogstad (2011) is similar, but involves plotting the laterally–
averaged streamwise Reynolds stress against the height above the ground. The depth of the
IBL is again indicated by the intersection of two straight line segments.

Both Method I and Method II are based on the ‘knee’ point technique which might be open
to interpretation in situations where the differences between the boundary layer velocity
profiles are small. Nevertheless, they are easy to implement and provide a good indication
of the IBL growth rate.

Given that the IBL grows in the vertical direction and a laterally homogeneous flow is as-
sumed above the canopy, then it may be hypothesised that the use of a wall–normal param-
eter may make identifying the interface easier. Method III (Sessa, Xie, and Herring, 2018)
was designed in a similar way to applying Methods I and II. The vertical Reynolds stress
profiles were averaged over the lateral direction, normalized by the friction velocity u∗, i.e.
v′v′

+
and plotted against the height from the ground in several streamwise locations. The

Reynolds stress profiles for the external and IBL regions were linearly fitted by two straight
line segments. Again, the intersection of the segments defined the height of the IBL.

Further details of the three methods are given in Chapter 3, where results are compared and
conclusions are drawn.

2.11 OpenFOAM settings

OpenFOAM (OF) was created by Henry Weller in the late 1980s at Imperial Collage in Lon-
don, to develop a powerful and flexible simulation platform based on the C ++ language.
Released for free, this code includes numerical solvers and pre/post–processing utilities for
the solution of continuum mechanics problems in computational fluid dynamics (CFD). Dif-
fering from many other CFD codes, the syntax of the OpenFOAM (OF) library enables users
to create custom solvers with relative ease, such as boundary conditions or turbulent mod-
els. As a result, the extensibility qualities of OpenFOAM are, nowadays, appreciated all over
the world.

Because of the wide range of applications, utilities and features, in this section the focus is
mainly on the typical procedure for the pre/post–processing of incompressible flows by us-
ing Large–Eddy Simulations. In particular, the OF settings for the simulation of the turbulent
flow over a urban–like geometry are reported. The procedure includes the implementation
of three directories (0, constant, system) by choosing mesh characteristics, initial and bound-
ary conditions, solvers, processing and post–processing. Results are shown in the following
chapters.
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Table 2.2: Pre/post-processing in OpenFOAM (OF)

Grid preparation · OF grid generator/Supported
mesh software (Pointwise)

Physical boundary conditions · Initial boundary conditions · Flow
boundary conditions

Flow characteristics · LES properties · Transport proper-
ties · Turbulence properties

Solver · Inflow method · PISO and PIM-
PLE algorithms

Discretization schemes · Interpolation error · Spatial gradi-
ent · Time derivative

Computational setup · CPU settings · Parallel processing
· Field averaging

Post–processing · Visualization · Output

2.11.1 Mesh

Similarly to several CFD codes, OF allows the generation of the geometry grid either by
using the code as an integral part of the numerical solution or by importing the mesh already
designed from a supported mesh generation software.

2.11.1.1 Mesh characteristics

Pointwise is a mesh generator which covers most of the pre–processing phase before the
numerical geometry is exported to any CFD codes. For the accurate mesh generation, few
instructions are to be considered. For example, the aspect ratio should be equal to one to
ensure best results, as it affects the magnitude of the interpolation error. Local variations in
cell size should be minimal and adjacent cell dimensions should not change by more than
20%.

In this study the neutral and non–neutral turbulent flow discussed in Chapter 3 and Chapter
4 respectively were simulated by using the following mesh parameters of the numerical
model:

· Resolution of h/16 in all directions (where h is the height of the cuboid element), inlet patch
comprising 192× 192 cells and a total number of 16 million of cells for the entire domain;

· 3D regular (or structured) grid identified by regular connectivity;

· Hexahedral (hex) mesh to ensure the highest accuracy of the solution if compared to other
types of cells with same resolution;

· Aspect ratio of the mesh obviously equal to one;
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· No refinement near the wall, because Xie and Castro (2006) showed against DNS results
that LES predictions with a resolution of 16 points were accurate and the grid resolution
was sufficient to compute the flow. Moreover, as mentioned in Sec. 2.4.1, because of several
flow separations and reattachments over an array of obstacles is not necessary or maybe
impossible to resolve the viscous sublayer everywhere.

Figure 2.5: Mesh resolution of the regular array of uniform cuboid obstacles.

In Fig. 2.5 the mesh resolution (h/16) of the simulated urban–like geometry is shown. The
obstacles and the bottom were defined as solid walls, the top of the rectangular domain was
assumed at y = 12h as a symmetry plane whereas the side planes were assumed to be cyclic
patches.

2.11.2 Physical boundary conditions

The validity of the imported mesh is checked in OpenFOAM by running the command
checkMesh -allTopology -allGeometry, which analyses the consistency of the mesh, including
checks on the bounding box and the topology. The mesh tool reports any failures in the align-
ment of the cells, dimensions, number of faces, boundary definitions, non–orthogonality etc.
If the mesh analysis is successful, the flow is initialised by choosing the boundary conditions
for all the computed scalar and non–scalar fields.

2.11.2.1 Velocity boundary condition

The mean velocity profile on the inlet boundary of the numerical domain was assumed to be
of logarithmic form and homogeneous in the lateral direction. By fitting wind tunnel data
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taken upstream of the leading edge of the urban array (Castro et al., 2017 for neutral and
Marucci, Carpentieri, and Hayden, 2018 for non–neutral boundary layer), the velocity values
at each height were given to each cell of the inlet patch according to the patch resolution:
192× 192. For solid walls, velocity values were fixed to zero in all directions, periodic values
for the lateral patches of the domain and stress–free (or symmetry) condition at the top patch
to ensure that the velocity gradient approached to zero in the top–normal direction. Lastly,
for the outlet face, the OF condition inletOutlet switching between the zero–gradient and the
fixed value to zero condition according to the flow direction, in order to avoid any reverse flow.
Further details are given in Chapter 3.

2.11.2.2 Boussinesq assumption for thermal stratification

For thermally stratified flows, the kinematic density ρk for buoyancy force is defined as:

ρk = ρ[1− β(T − Tre f )] (2.33)

where β is the thermal expansion coefficient and Tre f is the reference temperature. Eq. 2.33
is known as the Boussinesq assumption for the buoyancy force in the momentum equa-
tions. It states that density differences in thermal stratified flows are negligible except when
multiplied by the gravity acceleration g. Ensuring that |ρk − ρ|/ρ � 1, the hypothesis of
incompressible flow is still valid. Recalling the filtered momentum equation in Sec. 2.3.2:
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ρ
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∂xi

+
F
ρ

(2.34)

the additional term (F/ρ) accounts for the effects due to gravity. F is the gravity body force
and according to the Boussinesq assumption F = ρkg. By substituting:
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the general expression of momentum conservation for buoyancy–driven flows is derived.

Assuming no gravity (g = 0), p in Eq. 2.35 is usually defined as the static pressure. Differ-
ently, for thermal stratified flows, the static pressure is p = ρkgy + prgh, where y is the height
and prgh is the additional pressure term used to define the boundary conditions of the simu-
lated problem. The static pressure gradient was fixed to zero on solid walls, inlet and outlet
patches. Symmetry conditions were applied on the top boundary and periodic boundary
conditions on the lateral boundaries.

The pressure prgh is then defined within the OF code as follows:

prgh = p− ρkgy (2.36)
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The gradient of pressure prgh was fixed to zero at inlet and bottom, symmetry conditions
were applied at the top, cyclic conditions for the sides and the totalPressure condition for the
outlet. The latter assumes that prgh = 0 at the outlet so that, the static pressure tends to ρkgy
at the outlet and the total pressure is equal to:

PT = 0.5ρku2 + p (2.37)

2.11.3 Turbulence generator (IBC)

As mentioned above, the syntax of the OF library enables users to create custom solvers
with relative ease. In this study, the inflow boundary Condition technique (Sec. 2.9) was
implemented within OpenFOAM 1.7 and 2.1, and used to generate synthetic turbulence at
the inlet patch. Second–order statistics u′u′, v′v′, w′w′, u′v′ were interpolated from wind tun-
nel data (Castro et al., 2017; Marucci, Carpentieri, and Hayden, 2018) taken upstream of the
leading edge, and included in the inflow code to generate similar fluctuations and turbu-
lence intensity of the experimental test. Additional inputs were the number of cells in lateral
and vertical directions (i.e. 192× 192), the integral length scales fixed to the constant value
of 1h in the same directions and the integral time scale fixed to 2t in the streamwise direc-
tion. Assuming the prescribed logarithmic mean velocity, the integral length scale in the
flow direction also followed a logarithmic profile with a top value of 4h, obtained from the
free–stream velocity of 2m/s.

The original inflow code assumes that the PISO (Pressure Implicit with Splitting of Opera-
tor) algorithm is applied as the pressure–velocity solver. PISO implies a first predictor step
for the pressure field and two corrector steps for the velocity and pressure fields, where the
resulted velocity field from the previously predicted pressure, is adjusted (twice) to satisfy
the continuity equation. Compared to other solvers such as the SIMPLE algorithm, which
applies two iterations on the pressure and velocity fields at each time step, PISO is con-
sidered much faster but less accurate. In order to have the same accuracy as the SIMPLE
method, in the PISO loop the time step has to be reduced.

2.11.4 Inflow code implementation

As a part of the author’s PhD research and contribution, the inflow turbulent method by Xie
and Castro (2008) was implemented in OpenFOAM and developed in order to include:

· Ground–level point source of varying shape, size and location;

· Scalar fluxes, instantaneous and mean concentrations by solving the added transport equa-
tion of a passive scalar (Eq. 2.22);

·Heat fluxes, instantaneous and mean temperatures by solving the added temperature trans-
port equation (Eq. 2.35) according to the Boussinesq assumption;

· Temperature fluctuations and incoming stratified flow at the inlet boundary;
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Furthermore, the solving loop of the original inflow code was modified from the PISO to
the PIMPLE method (defined as the combination of PISO and SIMPLE, more accurate but
slower) to overcome the solution instabilities due to buoyancy.

Firstly, the momentum equation is solved with the initial value of the kinematic density ρk

and the predicted pressure field p. Secondly, the temperature equation is solved for T and
the kinematic density ρk is updated to the new value. Thirdly, the pressure prgh is corrected
twice according to the continuity equation so that the static pressure p is updated. Fourthly,
the scalar equation is solved for C, out of the pressure–velocity loop. More detailed settings
for the scalar C and temperature T are given in Chapter 4 and Chapter 5 respectively.

2.11.5 LES properties

The LES method is applied in OF by choosing LESModel in the turbulenceProperties file within
the constant folder. The Sub–Grid–Scale model parameters and the damping function are
specified in the LESProperties file. The filter LES cut–off ∆ is the cubic root of the cell volume
defined as follows:

∆ = (∆x1∆x2∆x3)
1
3 (2.38)

where the subscripts denote the directions of the grid spacing.

For the standard Smagorinsky SGS model, the constant coefficient was fixed to Cs = 0.1
and Van Driest was the dumping function with A+ = 26 and C4 = 0.1. This function is
activated where the wall-normal distance y+ of the nearest cell is within the viscous sublayer
otherwise it is non–activated. In order to evaluate y+, the command yPlusLES calculates the
wall–normal distance from the centroid of the nearest cell to all solid faces of the domain. For
the simulated urban–like geometry, y+ ranged between 1.31 and 24 with an area–averaged
y+ of 10.16. For the mixed–time–scale SGS model, the fixed parameters were CT = 10 for the
harmonic average of the time–scale TS and CMTS = 0.05 for the residual SGS viscosity νt.

In the transportProperties file, the kinematic viscosity ν is typically defined as well as the bulk
velocity if periodic boundary conditions are applied in the streamwise direction.

2.11.6 Discretization schemes

For a fine grid resolution, second–order schemes approach the exact solution faster than
lower order methods. However, higher order schemes can affect the accuracy of the solution
only if the grid is fine enough, otherwise for a coarser mesh, the accuracy is lower. Linear
interpolations and central discretization schemes were chosen to calculate derivatives and
gradients. Second–order accurate schemes were considered both in time and space.
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Time scheme. The implicit method (backward scheme) was used in this study to calculate
numerical approximations to the solution of time–dependent ordinary and partial differen-
tial equations. Differently from explicit methods, implicit schemes approach the solution
by solving an equation involving both the current state of the system and the later one.
The backward method, specified in the fvSchemes file of the system folder in OF, by using
backwards 3–point differences (n, n− 1, n− 2) is second–order accurate but not bounded. It
is named backward scheme because uses informations from already computed time–steps.
Within OpenFOAM, if φ, φo and φoo are the generic field at time–steps n, n − 1 and n − 2
respectively, the backward formulation is:

∂

∂t
φ =

1
∆t

(
3
2

φ− 2φo +
1
2

φoo) (2.39)

where ∆t is the time–step and the right–hand side is the 2nd order time discretization of the
time derivative at the left–hand side.

Gradient, Laplacian and Divergence schemes. The terms of the momentum equations
(Eq.2.5) were discretized by using gradient, laplacian and divergence schemes. In partic-
ular, the normal gradients∇U and∇p, the diffusion term∇(ν∇U) (laplacian term) and the
convection term ∇(ρU ·U) (divergence term) are interpolated in OpenFOAM by using the
Gauss linear method. This scheme specifies the standard finite volume discretization of Gaus-
sian integration which requires the interpolation of values from cell centres to face centres.
Linear means that the interpolation is based on linear or central differencing schemes.

2.11.7 Computational setup

The computational domain was simulated by using between 256 and 512 processor cores
on the Super–computers Iridis4 and Iridis5 of University of Southampton. The LES simula-
tions were usually conducted on 16 nodes by 16 processors for 24/48 hours slots (real–time).
The choice was usually a result of an analysis involving different parameters, such as the
computational time, the queuing time, the initialisation and the averaging processes.

For example, it was found that by using 256 cores, one complete flow–pass of the rectangular
array was computed in about 1.5 real–time hours whereas by using 512 cores, the compu-
tational time was almost halved. However, the required queuing time to submit the job on
512 cores was almost the double that for 256 cores, assuming the same real time of 24 hours.
Typically, in order to simulate parallel cases within the limit of data storage on the login node
of the Super–computer, the use of 256 cores was found to be the best option.

Similar LES works highlighted that at least 20 flow–passes are required to achieve a fully
developed turbulent flow and the second–order statistics are to be averaged over at least 40
flow–passes, or even more in particular cases. In this LES study, the typical initial develop-
ment was fixed to 40 flow–passes and second–order statistics were averaged over at least 180
flow–passes. The time–step resolution was fixed to 0.02 and the mean Courant number:
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Co = U
4t
4x

(2.40)

was about 0.4, where U is the free stream velocity,4t the time–step and4x the grid resolu-
tion. The total number of time–steps was typically ∼ 150000, corresponding to the OF time
of 3000t. The averaging process of 180 flow–passes was equivalent to 3 minutes averaging
in the wind tunnel experiment.

2.11.8 Post-processing

The scalar and vector fields computed by OpenFOAM were reconstructed at the end of each
parallel simulation and converted to VTK files by using the OF command foamToVTK, which
allows the output file to be exported to any supported software for visualization and post–
processing (i.e. Paraview). Contour plots by using the Q–criterion and/or turbulent fluctu-
ation profiles were typically used to detect any problems in the simulations. The Q-criterion
is defined as:

Q =
ΩijΩji − SijSji

2
(2.41)

where Q is the second–scalar invariant of the velocity derivative tensor, Sij and Ωij are the
symmetric and the antisymmetric part respectively.

The Q–criterion is a widely used vortex detector which highlights regions where rotation is
dominant over the shear and is useful for the analysis of turbulent flows. Similarly, vorticity
contours are typically used to detect the rotation mechanisms at any point in the flow field.
For a channel flow with the x–axis the streamwise direction, y in the vertical direction and z
in the spanwise direction, the lateral vorticity component is defined as:

ωz =

(
∂v
∂x
− ∂u

∂y

)
(2.42)

where u and v are the velocity components in x and y directions respectively. The vorticity
ωz highlights the flow rotation across a plane parallel to the mean flow direction. As an
example, in Fig. 2.6 the lateral vorticity ωz (calculated as in Eq. 2.42) is shown on a plane
normal and parallel to the flow direction.

Although the flow over an array of obstacles is purely three dimensional, visible turbulent
structures are expected to evolve mainly in the streamwise direction. Assuming a turbulent
flow past a change in surface roughness, the lateral vorticity ωz is useful to qualitatively
locate the interface between the internal and the external boundary layers. For example,
Fig. 2.6 shows the lateral vorticity over a step change from a rough to a very rough geometry.
The deep red color highlights high vorticity values in the canopy region and close to the
wall, where the flow dynamics is strongly affected by the roughness morphology. Moving
upwards, the vorticity magnitude is decreasing. Such qualitative analysis was found to be
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useful to understand the effects of the roughness geometry on the flow immediately and
well above the canopy.

Figure 2.6: Lateral vorticity ωz over a lateral and longitudinal plane of the regular array of
uniform cuboid elements.
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This study has looked at the development of the internal boundary layer (IBL) over a block
array close to a sharp change in surface roughness and its effect on dispersion from a ground
level source for ratios of the downstream distance to the roughness length of less than 300.
This was done by comparing a large–eddy simulation (LES) with inflow boundary condi-
tions against a LES with inlet–outlet periodic boundary conditions and data from a wind
tunnel experiment. In addition to established methods, an alternative approach based on
the vertical Reynolds stress was used to evaluate the depth of the IBL as it developed over
the array which enabled the location of the interface to be more clearly defined. It was con-
firmed that the IBL growth rate close to the change in surface roughness could be described
by a power law profile, similar to the power law formula used in previous studies for a ratio
of the downstream distance to the roughness length greater than 1000. An analysis of mean
concentration and turbulent scalar fluxes suggested that the presence of the IBL constrained
the vertical development of the plume from a ground level source and so led to trapping of
material in the canopy layer.

3.1 Introduction

Large–Eddy Simulations have demonstrated the capability to model turbulence, dispersion
and heat transfer in urban environments (Baker, Walker, and Cai, 2004; Fuka et al., 2018;
Hanna et al., 2002; Kanda, Moriwaki, and Kasamatsu, 2004; Xie and Castro, 2006). The
majority of LES flow and dispersion studies have focussed on the street–scale below and
immediately above the canopy and used simple periodic inlet–outlet boundary conditions.
Very few numerical studies have analysed the characteristics of turbulent flow as it passes
over a change in roughness. Two which have are those by Michioka et al. (2011) and Tomas
et al. (2017). Both of these applied the LES approach using the inflow boundary condition
method to compute the flow over arrays of obstacles with various aspect ratios with the aim
of better understanding the dispersion mechanisms. However, their focus was limited to
examination of the advective and turbulent pollutant fluxes around the array obstacles up
to the canopy height, and they did not examine IBL development. To the authors’ knowl-
edge there have been no numerical studies or experimental works which have specifically
addressed the effects of IBL development on gas dispersion.

47



48
3 Turbulence and dispersion in internal and external boundary layers. Sessa, Xie &

Herring, 2018. Journal of Wind Engineering and Industrial Aerodynamics, 182, 189–201

In this study we examine LES predictions made using the inflow generator proposed by
Xie and Castro (2008), and then identify how the height of the IBL evolves over a pseudo
rural–to–urban transition region using a similar approach to those proposed by Efros and
Krogstad (2011) and Antonia and Luxton (1972), but based on using the vertical Reynolds
stress. This was done with the objective of understanding the extent to which the dispersion
of a neutrally buoyant gas from a ground–level point source is influenced by the interaction
of the external boundary layer and IBL. The governing equations are briefly described in
Sect. 3.2. Details of the numerical settings including geometry, mesh and inflow conditions
are given in Sect. 3.3. LES predictions for turbulence and dispersion are discussed in Sect. 3.4.
Finally, the conclusions are summarised in Sect. 3.5.

3.2 Governing equations

In LES the filtered continuity and Navier-Stokes equations are written as follows:
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where the filtered velocity and pressure fields are ui and p respectively, ν is the kinematic
molecular viscosity and ρ is the density. The standard Smagorinsky subgrid–scale (SGS)
model was applied to determine the isotropic part of the residual stress tensor τij:

τij = −2νrSij (3.3)

where Sij =
1
2

(
∂ui
∂xj

+
∂uj
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)
is the filtered rate of strain and νr is the SGS residual viscosity. The

SGS residual viscosity νr is modelled as:

νr = (CS∆)2S (3.4)

where S is the characteristic filtered rate of strain, the filter width ∆ was taken as the cube
root of the cell volume and the Smagorinsky coefficient as CS = 0.1. The Van Driest damping
function was applied in the near wall region.

The Smagorinsky model supplemented with a wall-damping function is known to be less
accurate near a flow-reattachment point or in free–shear layer regions (Inagaki, Kondoh,
and Nagano, 2005). However, Castro et al. (2017) compared the performance of the dynamic
mixed time scale sub–grid model (Inagaki, Kondoh, and Nagano, 2005) and the standard
Smagorinsky over an identical array of uniform blocks and their results revealed only small
differences in the spatially averaged mean velocities and turbulence stresses. Based on those
results the standard model and wall-damping function were adopted for the simulations
reported here.
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The filtered transport equation for a passive scalar is:
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]
+ S (3.5)

where C is the filtered scalar concentration and S is a source term. The second term on the
left–hand side is the advection term and the first term on the right–hand side is the diffusion
term. K is the molecular diffusivity and Kr is the SGS turbulent diffusivity computed as:

Kr =
νr

Scr
(3.6)

where Scr is the subgrid (or turbulent) Schmidt number. Several numerical and experimen-
tal studies used a subgrid Schmidt number Scr = 0.7 to investigate turbulent transport of
pollutant (e.g. Zhang, Tejada-Martínez, and Zhang, 2016; Hsu and Liu, 2004; Gualtieri et al.,
2010). Chavez et al. (2011) carried out numerical simulations of pollutant transport in urban
environments by using a turbulent Schmidt number equal to 0.1, 0.3 and 0.7. They found
that variations of Scr had less impact on assessing gas dispersion for group of buildings. In
this study, a constant Schmidt number Scr = 0.7 was assumed.

3.3 Numerical settings

The LES model was implemented within the open-source CFD package OpenFOAM version
1.7.1. A second-order backward implicit scheme in time and second–order central difference
scheme in space were applied for the discretisation of the terms in Eqs. 2.9 and 2.22. Flow
and turbulence within the domain were simulated as a half channel. An efficient inflow tur-
bulence generation method (Xie and Castro, 2008) was used at the inlet, with periodic condi-
tions at the lateral boundaries and a stress–free condition at the top of the domain (y = 12h,
where h = 70mm is the uniform height of the array element). The Reynolds number based
on h and the free stream velocity Ure f = 2m/s at y = 12h was approximately 12, 000. The
averaged CFL (Courant-Friedrichs-Lewy) number was 0.2, based on a time step resolution
of 0.0014s. Flow and second-order statistics were initialized for 40s and then averaged over
180s (180 flow–passes).

3.3.1 Geometry, mesh and resolution

Although computational power is increasing, the simulation of most real urban scenarios
still represents a challenge, especially when large and complex geometries have to be anal-
ysed. As mentioned in Sec. 2.1, in studies to improve the understanding of building aero-
dynamics it is therefore usual to represent urban configurations in their simplest form as an
array of cuboid elements in regular or non–regular patterns (e.g., Hanna et al., 2002; Xie and
Castro, 2006).

The array of regular cuboid elements modelled in this paper represents part of a larger array
used in a wind tunnel experiment designed to simulate a neighbourhood scale region in
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which statistical homogeneities should exist. The section of the array modelled is shown in
Fig. 3.1 where the street units parallel to the x axis are 1h long and referred to as ‘short streets’
hereinafter. Street units parallel to the z axis are 2h long and referred to as ‘long streets’. The
rectangular array includes 48 aligned blocks with h spacing, which considering the single
block unit leads to a plan area density of λp = 0.33.
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Figure 3.1: The array configuration: dimensions of buildings and streets, the coordinate sys-
tem, the flow direction, the distance from the leading edge X/y02, the position xs

and zs of source S and measurements location P.

The dimensions of the modelled domain were 29h× 12h× 12h within a uniform Cartesian
grid of resolution 4 = h/16. Simulations by Castro et al. (2017) at this resolution yielded
LES results for turbulence that agreed well with higher resolution direct numerical simula-
tion data. The top boundary was placed at y = 12h, which is very close to the boundary
layer height in the wind tunnel. Computations were made for the 0◦ wind direction by as-
suming that the mean wind flow was perpendicular to the front face of the cuboid elements
as indicated in Fig. 3.1.

3.3.2 Scalar source

A passive scalar was released from a ground–level point source within the array of cuboid
elements. The shape and size of the point source were identical to that reported in Fuka
et al. (2018). The source was positioned at the middle of a long street after the seventh row
of buildings (Fig. 3.1) where the downstream flow would be fully developed (Hanna et al.,
2002). Because the modelling used a uniform grid, the shape of the source only approxi-
mated the source used in the experiment. The diameter was represented by 4 cells and so
measured 0.25h, while the height was one cell (h/16). A constant scalar flux release rate was
set for each cell inside the source volume.
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3.3.3 Inflow conditions

The simulation of flow over a rural–to–urban transition region requires a continuous spec-
ification of inlet turbulence. This was achieved by using the inflow turbulence method de-
veloped by Xie and Castro (2008) to generate a synthetic turbulent inflow with exponential–
form correlations in time and space. The used inflow method proved to reconstruct energy–
containing region and inertial sublayer of the spectra in high fidelity. Moreover, (Bercin, Xie,
and Turnock, 2018) showed that the use of exponential-form correlation functions as a model
approximation is more advisable than that of Gaussian-form.

  0 0.5   1 1.5   2 2.5   3 3.5   4 4.5
0

2

4

6

8

10

12

Figure 3.2: Vertical profiles of prescribed integral length scales at the LES inlet x = −2.5h.

  0 0.2 0.4 0.6 0.8   1
0

2

4

6

8

10

12

(a)

-0.005      0  0.005   0.01  0.015   0.02
0

2

4

6

8

10

12

(b)

Figure 3.3: (a) Vertical profiles of laterally averaged mean velocity from LES at inlet and
prescribed mean velocity from experiments. (b) Vertical profiles of prescribed
Reynolds stresses at the LES inlet and experimental values.

The generated turbulence satisfied the prescribed integral length scales and Reynolds stress-
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tensor values. The integral length scales Lx, Ly and Lz in the streamwise, vertical and lateral
directions respectively were estimated from data presented in Castro, Cheng, and Reynolds
(2006) and shown in Fig. 3.2. Xie and Castro (2008) performed LES for different length scale
combinations imposed at inlet (i.e. Lx, Ly and Lz factored by 0.5, 1 or 2). It was found that
the results of mean velocity and turbulent stresses within or immediately above the canopy
were insensitive to the precise inflow length scales.

The prescribed mean velocity and Reynolds stresses were obtained from the wind tunnel
experiment reported in Castro et al. (2017) by assuming lateral homogeneity. Fig. 3.3a shows
the prescribed mean velocity profile. Castro et al. (2017) fitted the profile in the usual log–
law form U = u∗

κ ln
(

y−d
y0

)
with y01 = 1.8mm, d = 0 and by assuming κ = 0.41. They

also estimated that the friction velocity u∗ is 0.067Ure f at 7h upstream of the array. This is
consistent with the peak Reynolds shear stress measured at the same location.

3.4 Results

The turbulence and dispersion predictions produced using the inflow method were com-
pared against LES predictions made using periodic boundary conditions at the inlet and
outlet and the wind tunnel experiment data reported in Castro et al. (2017). The Reynolds
numbers of the flows over the array were similar in all three cases.

A representative atmospheric boundary layer profile was generated in the experiment by a
set of Irwin spires at the entry of the working section and an array of thin 2D plates (height
∼ 0.3h) placed upstream of the cuboid array. As mentioned, the experimental and LES value
of the upstream roughness length was y01 = 1.8mm whereas the roughness length of the
array of cuboid elements was y02 = 5.6mm as in Castro et al. (2017). This meant that an
IBL was created from the leading edge of the array which developed in the downstream
direction.

The development of the IBL was captured by the simulation made using the turbulence
inflow generation method with prescribed turbulence statistics (§ 3.3.3), but was not by the
simulation based on using periodic boundary conditions (PBC) at the inlet and outlet. This
was because the PBC simulation effectively modelled the array as a single repeated unit of an
infinite domain. One might therefore expect the inflow boundary condition (IBC) simulation
to give a more accurate prediction of flow characteristics measured in the experiment, not
only within the IBL but also above it when compared to the PBC simulations.

3.4.1 Flow and turbulence

For a simulation to accurately predict the dispersion of a pollutant it must accurately predict
the turbulence statistics of the flow. This was assessed by examining the mean velocity and
second–order statistics in the middle of the short streets (e.g. position P of Fig. 3.1) normal-
ized by the reference velocity.
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For the IBC case the results were averaged at the four locations equivalent to point P in
Fig. 3.1 after the seventh row of cuboids at x = 15h. Whereas the PBC results produced
by Castro et al. (2017) were averaged over all equivalent locations within the array. The
experimental data were averaged in time over 3 minutes, but not in space. The wind tunnel
errors were assumed to be 2% for U, 10% for u′u′ and 5% for v′v′ and w′w′, respectively.
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Figure 3.4: (a) IBC and wind tunnel mean velocity profiles measured at x = 15h and span-
wise averaged for position P in Fig. 3.1. Periodic mean velocity values were aver-
aged at all similar points across the array. Corresponding profiles of streamwise
normal stress (b), lateral normal stress (c) and vertical normal stress (d).

The IBC predictions for mean velocity (Fig. 3.4a) were found to be in good agreement with
the experimental data below the canopy and up to y = 2h. Above that height, the IBC re-
sults slightly over–predicted while the PBC under–predicted the mean velocity. Fig. 3.4b
shows that the streamwise Reynolds stress was predicted more accurately by the IBC sim-
ulation than the PBC. The peak stress occurred at the canopy height and was successfully
captured by the IBC. The Reynolds stress profile above the canopy was also well predicted.
The PBC simulation under-predicted the peak streamwise stress at the canopy height, and
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over–predicted the streamwise stress for y/h > 3. The lateral Reynolds stress, w′w′, was
well predicted by the IBC below and immediately above the canopy as shown in Fig. 3.4c,
but at greater heights it under-predicted the stress compared to the wind tunnel data. The
vertical stress (shown in Fig. 3.4d) was well predicted by both IBC and PBC simulations.
Nevertheless, the inflow method gave more accurate results immediately above the canopy
height. Close to the top of the domain, both LES computations underestimated the vertical
stress because the vertical velocity gradient was fixed to zero by the symmetric boundary
condition.

The results show that imposing inflow turbulence using IBC captured the transition from
a rough to a very rough wall and led to predicted Reynolds stresses that were in better
agreement with experimental results below and immediately above the canopy than those
obtained from the PBC approach. This confirmed that the IBC method provided a better
approach to predicting the characteristics of the flow below and immediately above the
canopy.

3.4.2 Growth of the internal boundary layer

The transition from the relatively smooth surface ahead of the array to the much higher
roughness of the array itself causes an IBL to develop from the leading edge of the obstacles.
The IBL increases in depth as it develops downstream through the array and the flow within
it is characterised by having greater turbulent kinetic energy (TKE) than that in the external
boundary layer above it. As TKE is the primary driver of dispersion, it is expected that
the location of the interface between the internal and external boundary layers will have an
important influence on the dispersion of material from a source within the array.

Three methods were used to determine the interface between the internal and external bound-
ary layers along the length of the array in the IBC simulation. Method I was that developed
by Antonia and Luxton (1972). Fig. 3.5 shows the result of applying method I using normal-
ized velocity profiles obtained by averaging over 48 lateral positions, for nine streamwise
locations (a vertical offset is imposed for ease interpretation). The regions related to the in-
ternal and external boundary layers were then linearly fitted to a residual error of less than
2%.

The first velocity profile was taken at x = −2.5h (3h upstream of the leading edge LE of
the array in Fig. 3.1) where the mean velocity profile approaching the urban array is shown.
There is no IBL at that point, and the profile shows no vertical discontinuity. At the second
location, at x = 2h (1.5h downstream of the leading edge) the profile is distinctly different
and has two linear fits, whose intersection identifies the edge of the IBL (x = 2h, y = 1.8h).
Following the same approach, the edge of the IBL can be identified for a further 7 down-
stream locations and the evolution of the interface derived.

Method II was that developed by Efros and Krogstad (2011) based on plotting the stream-
wise Reynolds stress component normalized by the friction velocity u∗, i.e. u′u′

+
, against

the height normalized by the domain height H. Method II was applied by calculating the
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streamwise stress profile at the same x-locations and averaged over 48 lateral positions as
previously. The profiles within the external and IBL were then linearly fitted to a residual
error less than 5%. The edge of the IBL was again found at each location and its growth with
downstream distance is shown in due course.

Figure 3.5: Laterally averaged mean velocity profiles in 9 streamwise locations: 1 upstream
and 8 downstream of the leading edge (LE). The velocity profiles are shifted up-
wards to facilitate interpretation.

This study tests a method based on the wall–normal turbulent variance v′v′, referred to as
method III. Fig. 3.6 shows the vertical Reynolds stress profiles normalized by the friction
velocity u∗, i.e. v′v′

+
, plotted against the height normalised by the domain height H, in a

similar way to applying methods I and II. The Reynolds stress profiles for the external and
IBL regions were linearly fitted to a residual error of less than 1%.

Fig. 3.7 shows the result of fitting the IBL depth data derived from the three methods to
the Elliott (1958) power–law formula (Eq. 1.4). The residual error of the power–law fit for
method I (U) was less than 3% with exponent P = 0.18 and coefficient a = 13.59:

δIBL

y02
= 13.59

(
X

y02

)0.18

, (3.7)

The residual error of the power–law fit for method II (u′u′) was less than 6% with exponent
P = 0.22 and coefficient a = 12.42:

δIBL

y02
= 12.42

(
X

y02

)0.22

. (3.8)
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Lastly, the residual error of the power–law fit for method III (v′v′) was less than 2.5% with
exponent P = 0.21 and coefficient a = 12.71:

δIBL

y02
= 12.71

(
X

y02

)0.21

. (3.9)

Figure 3.6: Laterally averaged vertical Reynolds stress profiles at 9 streamwise locations:
1 upstream and 8 downstream of the leading edge (LE). The stress profiles are
shifted downwards to facilitate interpretation.

The fitted results (Eqs.3.7–3.9) from the three methods all confirmed that near the step change
in roughness (X/y02 < 300) the exponent P of the power–law formula is much lower than
the value P = 0.8 found in literature for X/y02 > 1000. Moreover, the estimated coefficient
a is much higher than the range of values suggested by Elliott (1958). This is perhaps not
surprising as the fitted results are dependent on the details of step change in roughness and
the characteristics of the roughness elements.

The fitted results from the three methods are consistent. Of the three methods analysed
here, the IBL heights derived from method III were fitted to the power–law formula with
the lowest residual error. The coefficient a = 12.71 is not significantly different from a =

10.56 obtained in Cheng and Castro (2002), which studied the height of an internal boundary
layer over an array of two-dimensional rib-type roughness elements at a range X/y02 <

1000. Nevertheless, the exponent P = 0.21 was significantly different from that P = 0.33
found by Cheng and Castro (2002). Again, this is owing to the difference of the roughness
elements between the current study and Cheng and Castro (2002). We speculate that the
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two-dimensional rib-type elements used in Cheng and Castro (2002) may yield a steeper IBL
than that by using the three-dimensional cuboid type elements in the current study.

Figure 3.7: IBL depth δIBL derived by using the mean velocity U (method I, square green),
the streamwise stress u′u′ (method II, diamond blue) and the vertical stress v′v′

(method III, circle red). These data fit to power–law profiles with lines respec-
tively.

3.4.3 Point source dispersion

The point source dispersion was simulated by a source placed at point S in Fig. 3.1 at x = 14h
and y = −1.5h. Although the source size and location were similar in the experiment and
LES simulations, the source shape was substantially simplified in the LES.

The mean scalar concentration C was normalized as follows:

C∗ = C
UrL2

re f

Q
(3.10)

where the characteristic length Lre f was the building height h and Q was the emission rate.
Because LES predictions with inlet–outlet periodic boundary conditions differed from the
experimental wind profile and turbulence statistics above y ∼ 3h (Castro et al., 2017), the
mean velocity at y = 3h and x = −2.5h was chosen here as the reference velocity Ur. Simi-
larly, the scalar variance c′c′ was normalized as:
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c′c′∗ = c′c′
[

UrL2
re f

Q

]2

. (3.11)

Coceal et al. (2014) defined the near–field as being within a distance of 2 ∼ 3h from the
source. Within the near–field the results are likely to be affected by the source shape, size
and location, but in the far–field (> 3h) turbulent mixing would be expected to show little
memory of the source characteristics and the results are expected to be insensitive to the
shape of the source.

The IBC LES concentration data were compared against the PBC LES and wind tunnel ex-
periment data reported in Fuka et al. (2018). The first comparison was of data taken in the
near-field along a lateral line at x = 16h and y = 0.5h. For both sets of LES data the averag-
ing process was long enough (180 flow–passes) to give fully converged results. The results
for the dimensionless mean concentration and scalar variance are shown in Fig. 3.8a and
Fig. 3.8b respectively. The wind tunnel standard error for the mean concentration C was
2%.

Both PBC and IBC results for mean concentration in the near–field (Fig. 3.8a) showed two
non-symmetric peaks located in alignment with the corners of the upwind obstacle. Recall-
ing that the source was located in the centre of the long ‘street’ (position z = −1.5h), the IBC
highest peak was located on the right side of the source and the PBC highest peak on the left
(when looking downwind). In contrast, the experimental data showed a peak on the right
side of the source at z = 0h.
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Figure 3.8: (a) Inflow, periodic and wind tunnel normalized mean concentration values mea-
sured at x = 16h and y = 0.5h, resulting from a source at x = 14h and z = −1.5h.
(b) Normalized mean scalar variance measured at x = 16h and y = 0.5h.

The flow around the obstacle downwind of the source determines how the scalar plume
divides into the left and/or right channels. In the experiment and the IBC case the plume
was found to be mainly transported down the right-hand street, rather than the left. The
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asymmetry in the experimental results was suspected to be due to imperfect alignment of
the array and/or a small effective offset in the flow direction. The wind tunnel alignment
error is expected to be of the order of 0.25◦ (Fuka et al., 2018).

The PBC LES simulation had periodic boundary conditions applied to the lateral sides of
the domain, so symmetric results might be expected in the spanwise direction. That the
results were found to be asymmetric was perhaps due to strong 3-dimensional anisotropic
turbulence leading to non-zero spanwise velocity on the lateral boundaries.

Whether the peaks matched on either the right or left side close to the source was considered
to be arbitrary, and of little importance to the results of any far–field analysis. The near-
field LES and wind tunnel results were both sensitive to the local flow details at the 0◦ wind
direction. Except for the peak alignment discrepancies discussed above, the LES with IBC
simulation captured the lateral size of the plume and scalar peak mean values well.

Numerical predictions and measurements of the spanwise scalar variance at a height of y =

0.5h and distance x = 16h are compared in Fig. 3.8b. The experimental results again show a
higher peak to the right of the source position, indicating that the plume drifted to the right,
whereas the LES with PBC results show a higher peak to the left of the source. The LES with
IBC shows two peaks which are almost symmetric about the source position. These results
are consistent with those discussed above. As no standard error data are available for the
experimental scalar variance measurements no further conclusions can be drawn.

Fig. 3.9a and Fig. 3.9b show a comparison of the spanwise variation in mean concentration
and variance data above the canopy at y = 2h and x = 16h. In this case some of the wind
tunnel sampling stations might approach or cross the edge of the plume. If this was so,
fluctuations in concentration and intermittency would make accurate agreement between
modelling and experiment difficult to achieve. Fig. 3.9a also shows that the mean concentra-
tion profiles are not in a Gaussian shape. Nevertheless, the IBC results were found to be in
fair agreement with the wind tunnel measurements, with both the magnitude and the lateral
size of the plume being well predicted.

Although the alignment of both the IBC and experimental plumes on the same side is con-
sidered to be fortuitous, the higher peak is well captured and the lower peak only slightly
underestimated. The double peak of the measured variance was also fairly well predicted
by the IBC method. The PBC results were also in fair agreement with the wind tunnel mea-
surements in terms of magnitude and the lateral size of the plume. In contrast to the exper-
imental and IBC LES results, the PBC LES results show almost symmetric double peaks for
the mean concentration, although there is more asymmetry in the variance. The IBC results
were qualitatively closer to the experimental data than the PBC ones.

From the results above, it appears that based on the array geometry and locations examined,
the IBC method leads to a superior prediction of scalar dispersion than the PBC one, in that
it captures the asymmetry observed. This is believed to result from the better agreement
between measurements of Reynolds stresses and IBC predictions immediately above the
canopy § 3.4.1.
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Figure 3.9: (a) Inflow, periodic and wind tunnel normalized mean concentration data mea-
sured above the canopy at x = 16h and y = 2h, for a source at x = 14h and
z = −1.5h. (b) Normalized mean scalar variance measured at x = 16h and y = 2h.
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Figure 3.10: (a) Inflow, periodic and wind tunnel normalized mean concentration measured
at x = 18h and z = −1.5h, resulting from source at x = 14h and z = −1.5h. (b)
Normalized mean scalar variance measured at x = 18h and z = −1.5h.

Further comparisons were made between simulations and measurements of mean concen-
tration and variance along a vertical line at x = 18h, z = −1.5h (Fig. 3.10a and Fig. 3.10b).
Examination of Fig. 3.10a shows that both LES IBC and PBC predictions for mean concen-
tration and concentration variance are in fair agreement with the experimental results below
y = 1.5h. However, the IBC predictions are consistently better than the PBC ones above
y = 1.5h. Given the differences observed in the near-field, the similarity between these IBC
and PBC far–field results confirms that beyond two rows downstream of the source, the ef-
fect of the difference in size and shape of the source becomes negligible and one can expect



3.4 Results 61

more accurate comparisons.

3.4.4 Interface effects on dispersion

The mechanisms that affect dispersion below and above the urban canopy depend on the
position of the source. For example, if the source is placed in the wake of an obstacle in a
recirculation zone, the plume is effectively transported upwards either by the mean flow or
by the turbulent Reynolds stresses (Fuka et al., 2018; Tomas et al., 2017; Brixey et al., 2009).
The dimensionless vertical flux components were defined in Fuka et al. (2018) as follows:

ψv∗
adv = V C

h2

Q
(3.12)

ψv∗
turb = v′c′∗ = (VC−V C)

h2

Q
(3.13)

where v′ and c′ are the vertical velocity fluctuation and the scalar fluctuation respectively
and V is the mean vertical velocity. It is these fluxes, the advective vertical concentration
flux (Eq. 3.12) and the turbulent vertical concentration flux (Eq. 3.13), that determine the
exchange of pollutants between the canopy flow and the boundary layer above.

In the wakes of obstacles the mean vertical velocity and the vertical velocity fluctuation are
not negligible, and both flux components contribute to the upwards transport of the scalar.
Above the canopy the mean vertical velocity decreases significantly because the flow is pre-
dominantly parallel to the array canopy, nevertheless, the vertical fluctuation component
may still remain significant. This means though that the vertical turbulent concentration
flux may contribute more than the advective flux to the upwards transport of the plume
above the canopy and close to the IBL interface.

Figure 3.11: Turbulent vertical flux v′c′∗ profiles scaled by 100 at four locations downstream
of the source position (xs = 14h and zs = −1.5h, Fig. 3.1). The black dashed line
shows the IBL interface over the block array.
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In Fig. 3.11, the vertical turbulent flux profile v′c′∗ (Eq. 3.13) calculated by using LES IBC and
LES PBC predictions is shown at four streamwise locations downstream of the source. The
black dashed line represents the interface of the IBL as calculated in § 3.4.2 using method III.
The vertical profiles in Fig. 3.11 suggest that the edge of the plume grew from the source and
matched the interface after 2 rows of cuboids, as further downstream both the interface and
the edge of the plume were found to be approximately at the same elevation.

The IBC turbulent flux profiles at all the x–locations analysed decayed sharply when ap-
proaching the IBL interface. Looking at the flux profiles at (x − xs) = 2h, a much sharper
decay is observed in the IBC profile as the interface is approached than in the PBC one.
Similarly, at positions (x − xs) = 4h and (x − xs) = 6h the IBC flux profiles decay more
rapidly than the PBC profiles when approaching the IBL interface. However, at position
(x − xs) = 8h, the IBC vertical flux was observed to be higher than the PBC flux below the
interface, but lower above it. This trend shows that vertical transport of the scalar between
the internal and external boundary layers is being constrained by the interface. Moreover,
because the IBL interface is defined using method III, the distinct changes in vertical flux pro-
file appear related to similar changes in the vertical Reynolds stress v′v′ noted in § 3.4.2.

Dispersion from a ground–level point source is a 3D problem. In order to understand
whether vertical constraint by the IBL interface enhanced the lateral spreading of the plume,
the lateral turbulent fluxes were also analysed. The turbulent component of the lateral con-
centration flux was defined as follows:

ψw∗
turb = w′c′∗ = (WC−W C)

h2

Q
(3.14)

where w′ and c′ are the lateral velocity fluctuations and scalar fluctuations respectively, and
W is the mean lateral velocity. The lateral turbulent flux regulates the diffusion of the plume
in positive or negative spanwise directions and determines the lateral extent of the plume.

(a) (b)

Figure 3.12: (a) Spanwise normalized mean concentration predictions at x = 18h and y =

1.5h. (b) Spanwise normalized lateral flux predictions at x = 18h and y = 1.5h,
resulting from a ground level source at x = 14h and z = −1.5h.

Fig. 3.12a and 3.12b show the LES IBC and PBC mean concentration and lateral flux predic-
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tions at x = 18h (i.e. two rows downstream from the source) and y = 1.5h in the spanwise
direction. The spanwise location of the source is z = −1.5h, and the mean concentration is
normalized as in Eq. 3.10.

In common with the results at x = 16h and y = 2h shown in Fig. 3.9a, the IBC mean con-
centration in Fig. 3.12a shows a higher peak located to the right of the source (z = −0.5h)
and a lower peak on the left (z = −2.5h). Whereas the PBC mean concentration shows one
symmetric peak close to the source’s position. The double peak in the IBC mean concen-
tration means that there are two zero–crossings of the IBC lateral flux (Fig. 3.12b). Between
z = −2.5h and z = −0.5h, the magnitude of the IBC lateral flux is much greater than that of
the PBC flux. Outside of this range, the fluxes are very close in magnitude.

We fitted the mean concentration profiles to Gaussian distributions, and found that the width
of the Gaussian profile for the IBC plume was slightly greater than that of the PBC. This is
interesting given the greater lateral flux of the IBC. Fig. 3.4a shows that the mean streamwise
velocity immediately above the canopy in the IBC simulation and the experiment are greater
than that of the PBC, which yields a shorter convection time for the plume to develop. This
might explain why the plume width above the canopy of the IBC is only slightly greater than
that of the PBC.

Following the same approach, the mean concentration and the lateral turbulent flux were
analysed at x = 20h (three rows downstream) and y = 1.5h over the spanwise direction
(Fig. 3.13a and 3.13b, respectively). The peak PBC mean concentration in Fig. 3.13a is again
greater than that of the IBC. The magnitude of IBC lateral flux in Fig. 3.13b is also again
greater than the PBC flux near the core of the plume, and the width of the IBC plume was
again found to be greater than that of the PBC. These findings are all consistent with those
in Figs. 3.12a and 3.12b.

(a) (b)

Figure 3.13: (a) Normalized mean concentration prediction at x = 20h and y = 1.5h. (b)
Inflow and periodic normalized lateral flux predictions at x = 20h and y = 1.5h,
resulting from a source at x = 14h and z = −1.5h.

The mean concentration and lateral turbulent flux profiles in Fig. 3.13a and Fig. 3.13b sug-
gest that the lateral spread of the IBC plume is greater than that of the PBC plume. This is
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consistent with the greater lateral Reynolds stresses observed in the IBC profile than in the
PBC profile at y = 1.5h shown in Fig. 3.4c.

In the IBC simulations vertical transport of the scalar between the internal and external
boundary layers is constrained by the lower TKE above the interface. The vertical constraint
on the vertical Reynolds stress and the enhancement of the lateral Reynolds stress lead to
increased lateral spreading of the IBC plume. This results in the lower mean concentrations
observed in the IBC simulation than in the PBC one in Fig. 3.12a and 3.13a.

Finally, in order to determine the position of the edge of the plume compared to the IBL
interface, vertical profiles of the dimensionless mean concentration were taken downstream
of the source in several streamwise locations at z = −1.5h (Fig. 3.14). The results of both
PBC and IBC simulations were normalized as in Eq. 3.10 and compared. The origin of the
coordinate system was fixed at the source position.

As far as we are aware, there is no generally accepted definition of the plume’s edge. There-
fore, the edge of the plume was identified here by fitting with a power–law formula the 3%
values of local–peak mean concentrations measured at the canopy height. The aim here was
to evaluate whether or not the predicted development of the plume when using the IBC
method differed from that using the PBC. Hence, the choice of the percentage at which to
define the plume edge was not critical. Nevertheless, sensitivity tests made using 1%, 5%
and 10% values of the local concentration peak all showed similar plume growth rates.

Figure 3.14: Dimensionless scalar concentration C∗ scaled by 2 in four locations downstream
of the source position (xs = 14h, zs = −1.5h, Fig. 3.1). The black dashed line
shows the IBL interface. The plume edge is taken as 3% of the local peak in both
LES simulations.

The development of the plume when using IBC was found to be visibly different from the
one by using PBC. This is shown in Fig. 3.14, in which the plume edge in the IBC simulation
appears to asymptote to the IBL interface. Whereas when inlet–outlet PBC are used, the
roughness boundary layer grows indefinitely up to the top of the domain which allows the
plume to continue to expand vertically. This is a result of the interface between the internal
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and external boundary layers only existing when the inflow method is applied. Within the
simulated LES domain, the plume development appears to be influenced by the IBL interface
location which leads to trapping of the scalar in the IBL and greater lateral spreading.

3.5 Conclusions and discussion

LES with prescribed IBC was used to simulate a rural–to–urban transition region where the
change in surface roughness generates an IBL at the leading edge of a regular array of cuboid
elements. The LES with IBC was found to provide an accurate simulation of the flow which
predicted the TKE to be greater below the interface of the IBL when compared to the TKE
obtained from LES with inlet–outlet PBC.

To our best knowledge the growth rate of the IBL depth has been evaluated for the first
time by analysing the vertical Reynolds stress profiles in several streamwise positions. The
vertical Reynolds stress method was found to define the IBL interface more clearly than
existing methods based on mean streamwise velocity and streamwise Reynolds stress. It
was further found that the IBL growth rate derived from the vertical stress method followed
the power–law formula with a similar coefficient a as that derived by Cheng and Castro
(2002) in the near roughness transition region (X/y02 < 1000), but with a significantly lower
exponent P = 0.21 compared to P = 0.33 derived by Cheng and Castro (2002). We speculate
this is owing to the difference of characteristics of the roughness elements within a range
X/y02 < 1000.

LES predictions of turbulence and dispersion from a ground–level point source were com-
pared against wind tunnel measurements reported in Castro et al. (2017) and Fuka et al.
(2018). The impact of the interface between the internal and external boundary layers on dis-
persion was then analysed by studying vertical and lateral profiles of dimensionless mean
concentration and turbulent fluxes downstream of the source. The IBC vertical scalar tur-
bulent flux profiles decayed more rapidly than the PBC profiles when approaching the IBL
interface. We speculate that the distinct changes in IBC vertical flux profiles appear related
to similar changes in the vertical Reynolds stress. Furthermore, the lateral spreading of the
IBC plume was found to be greater than that of the PBC plume, this was found to be cor-
related with greater values of lateral turbulent Reynolds stress. These features led to the
plume’s upper edge in the IBC simulation differing distinctly from that obtained by using
inlet–outlet PBC. It is concluded that the presence of the IBL constrains vertical spreading,
and so leads to trapping of the scalar. The development of the interface between the internal
and external boundary layers will also be affected by thermal stratification conditions, and
further work should seek to quantify this.
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A synthetic turbulence and temperature fluctuation generation method embedded in Large–
Eddy Simulations (LES) was developed to investigate the effects of weakly stable stratifi-
cation (i.e. with the Richardson number Ri ≤ 1) on turbulence and dispersion following a
rural–to–urban transition region. The work was based on firstly validating predictions of
mean velocity, turbulent stresses and point–source dispersion against wind tunnel experi-
ments of a stable boundary layer approaching a regular array of uniform cuboid elements
at Ri = 0.21. The depth of the internal boundary layer (IBL) formed at the leading edge of
the uniform array was determined using the method which we have previously proposed.
Vertical profiles of wall–normal turbulent stress showed that the height and the growth rate
of the IBL were sensitive to the thermal stability prescribed at the inlet. We found that the
IBL height was reduced when the inflow turbulent kinetic energy (TKE) was reduced while
maintaining the same stratification condition. Lastly, scalar fluxes and mean concentrations
within and above the canopy from a ground–level line source were simulated and anal-
ysed. It was found that increasing the stable stratification level reduced the vertical transport
of pollutant which increased the volume–averaged concentration within the canopy. For a
given level of stable stratification, the effect on the total scalar fluxes within and above the
canopy, and on the volume-averaged mean concentration within the lateral streets is more
pronounced when the TKE is reduced.

4.1 Introduction

The effects of stable stratification on turbulence and dispersion are not negligible even un-
der weakly stable conditions (e.g. Xie, Hayden, and Wood, 2013; Boppana, Xie, and Castro,
2014). The consumption of buoyancy energy in such conditions damps turbulence which
affects ventilation and the concentration of pollutants at pedestrian level. When Cheng and
Liu (2011) investigated stability effects at bulk Richardson numbers of 0.18 and 0.35 on the
dispersion in 2D street canyons using LES, it was found that for a Richardson number greater
than 0.25, turbulence was strongly suppressed at ground level. This meant that the pollu-
tant tended to reside longer at pedestrian level than in the upper street canyon. Tomas,
Pourquie, and Jonker (2016) showed that for a bulk Richardson number of 0.147 the area–
averaged street concentration of a line source was 17% higher than in neutral conditions due
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to decreased streamwise advection and trapping of pollutant by the IBL. Similar conclusions
were reached in the LES study conducted by Xie, Hayden, and Wood (2013), who found that
the stability effects induced at a bulk Richardson number of 0.21 increased mean concentra-
tions by up to an order of magnitude when compared to neutral conditions. Moreover, Xie,
Hayden, and Wood (2013) also found that turbulent fluctuations and mean velocities were
not substantially affected either by a change of mean temperature profile below the canopy
or inlet temperature fluctuations for a given Richardson number.

As far as we are aware, very few studies have examined the effects of stable stratification
on dispersion within an IBL, and those that have have only considered weakly stable con-
ditions. In our study we considered the effects of various stratification conditions up to a
Richardson number 1.0 on turbulence and dispersion following a rural–to–urban transition.
The objective was to use LES to answer the following three questions:

1. To what extent are stratification effects on flow and dispersion following a step change in
roughness length dependent on the inflow turbulence intensity?

2. To what extent does increasing stratification affect the IBL thickness for bulk Ri numbers
below 1?

3. To what extent does increasing stratification affect the ventilation of pollutant within and
above the canopy for bulk Ri numbers below 1?

The governing equations are briefly described in Sect. 4.2. Details of numerical settings in-
cluding geometry, mesh and inflow conditions are given in Sect. 4.3. LES validation, sensi-
tivity tests on the ground temperature and turbulent kinetic energy at inlet are reported in
Sect. 4.4.1. Stratification effects on the internal boundary layer are discussed in Sect. 4.5. The
analysis of scalar fluxes and mean concentration results are reported in Sect. 4.6. Finally, the
conclusions are summarised in Sect. 4.7.

4.2 Governing equations

In LES the filtered continuity and momentum equations for a buoyancy–driven flow are
written as follows:

∂ui

∂xi
= 0 (4.1)

∂ui

∂t
+

∂uiuj

∂xj
= −1

ρ

∂p
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+ f δi2 +
∂

∂xj

(
τij

ρ
+ ν

∂ui

∂xj

)
(4.2)

where the filtered velocity and pressure fields are ui and p respectively, ν is the kinematic
molecular viscosity and ρ is the density. τij is the subgrid–scale (SGS) Reynolds stress which
was determined by using the mixed time–scale subgrid eddy viscosity model (Inagaki, Kon-
doh, and Nagano, 2005). f δi2 is the body force due to thermal buoyancy and is calculated by
using the Boussinesq approximation.
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The filtered transport equation for a passive scalar is:

∂C
∂t

+
∂ujC
∂xj

=
∂

∂xj

[
(K + Kr)

∂C
∂xj

]
+ S (4.3)

where C is the filtered scalar concentration and S is a source term. The second term on the
left–hand side is the advection term and the first term on the right–hand side is the diffusion
term. K is the molecular diffusivity and Kr is the subgrid-scale (SGS) turbulent diffusivity
computed as:

Kr =
νr

Scr
(4.4)

where νr is the SGS viscosity and Scr is the subgrid Schmidt number. A constant Schmidt
number of Scr = 0.7 was assumed.

The filtered transport equation of temperature is:

∂T
∂t

+
∂ujT
∂xj

=
∂

∂xj

[
(D + Dr)

∂T
∂xj

]
(4.5)

where T is the resolved–scale temperature. D is the molecular diffusivity of temperature, Dr

is the subgrid turbulent diffusivity and is given by νr/Prr, where Prr is the subgrid Prandtl
number was set to 0.9.

4.3 Numerical settings

The LES model was implemented within the open-source CFD package OpenFOAM version
2.1.1. A second-order backward implicit scheme in time and second–order central difference
scheme in space were applied for the discretisation of the terms in Eqs. 4.2, 4.3 and 4.5. The
domain was set as a half channel. An efficient inflow turbulence generation method (Xie and
Castro, 2008) was used at the inlet, with periodic conditions at the lateral boundaries and a
stress–free condition at the top of the domain (y = 12h, where h = 70mm was the uniform
height of the array element). The Reynolds number based on h and the free stream velocity
ure f = 1.35m/s at y = 12h was approximately 8, 000. The average CFL number was 0.2,
based on a time step resolution of 0.0007s. Flow and second-order statistics were initialized
for 20 flow-passes and then averaged over 150 flow–passes.

For the purpose of validating the baseline study, the numerical settings (e.g. the geome-
try of the array, the point source, the approaching boundary layer and the thermal strat-
ification conditions) were made as consistent as possible with experiments conducted by,
i.e. Castro et al. (2017), Hertwig et al. (2018), Marucci, Carpentieri, and Hayden (2018) and
Marucci and Carpentieri (2018a). The wind tunnel experiments were conducted using the
meteorological wind tunnel at the University of Surrey, UK, which has a test section 20m
(length)×3.5m (width)×1.5m (height). The wind tunnel is able to generate a ‘simulated’
atmospheric boundary layer representative of stable and unstable conditions by using Ir-
win’s spires, two-dimensional roughness elements and adjusting the inlet and floor temper-
ature. Propane was used as a passive tracer and its concentration was measured by using
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a fast flame ionisation detector system (FFID). Velocities were measured by using a two-
component laser-Doppler anemometry (LDA). Mean temperature and its fluctuations were
measured using a fast-response cold-wire probe (CW). More generic details can be found in
the above references. The numerical settings applied to simulate the flow and point source
dispersion in neutral conditions were consistent with those in Castro et al. (2017) and Her-
twig et al. (2018), respectively. For the studies in stable conditions, the numerical settings
applied to the flow and point source dispersion were consistent with those in Marucci, Car-
pentieri, and Hayden (2018) and Marucci and Carpentieri (2018a), respectively. More specific
details are given in the following sections.
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Figure 4.1: Plan view of the array configuration showing dimensions of buildings and streets,
coordinate system, flow direction, and locations of line source S1 and point source
S2.

4.3.1 Geometry, mesh and resolution

Again, the array of regular cuboid elements modelled in this paper represents part of a larger
array used in the wind tunnel experiments of Castro et al. (2017) and Marucci and Carpen-
tieri (2018a). This array was designed to simulate a neighbourhood scale region in which sta-
tistical homogeneities are assumed. The basic obstacle layout is identical to those described
in Sessa, Xie, and Herring (2018) and in Fuka et al. (2018).

A plan view of the modelled array is shown in Fig. 4.1 where the street units parallel to the
x axis are 1h long and referred to as ‘short streets’ hereinafter. Street units parallel to the z
axis are 2h long and referred to as ‘long streets’. The rectangular array comprised 48 aligned
blocks with h spacing, which leads to a plan area density of λp = 0.33 when considering the
single block unit.

The dimensions of the modelled domain were 31.5h× 12h× 12h within a uniform Cartesian
grid of resolution 4 = h/16. The top boundary was placed at y = 12h to be very close
to the experimental boundary layer height (Marucci and Carpentieri, 2018a). In order to
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ensure the zero–gradient outflow boundary condition, the domain size was extended by
2.5h in x–direction compared to the domain used by Sessa, Xie, and Herring (2018) in Chap.3.
Computations were made for the 0◦ wind direction by assuming that the mean wind flow
was perpendicular to the front face of the cuboid elements as indicated in Fig. 4.1.

4.3.2 Scalar sources

A passive scalar was released from a ground–level point source (S2) and a ground–level line
source (S1) within the array of cuboid elements. Because of the finite size of the grid, the
shape of the point source only approximated the source used in the experiment. The shape
and size of the point source was identical to that reported in Fuka et al. (2018). The diameter
was represented by 4 cells and so measured 0.25h, while the height was one cell (h/16). The
point source was positioned in the middle of a short street within the seventh row of blocks
(Fig. 4.1) in accordance with the experimental set–up of Marucci and Carpentieri (2020).

The line source was positioned on the ground between the fifth and sixth rows of blocks. The
lateral extent of the line source was set equal to the entire width of the domain (12h) while
the height and width of it were one cell (h/16) and four cells (4h/16) respectively. A constant
scalar flux release rate was set for each cell inside the volume of both the point source and
the line source.

4.3.3 Inlet conditions of temperature for LES

In order to analyse the effects of thermal stratification on flow and dispersion, LES simula-
tions were conducted for various bulk Richardson numbers Ri, defined as:

Ri =
gH(Tre f − T0)

T0u2
re f

(4.6)

where ure f is the free-stream velocity at the inlet, g is the acceleration due to gravity, H
is the domain height and T0 is the mean temperature on the ground. LES comparisons for
increasing stable stratification were achieved in a similar manner to Boppana, Xie, and Castro
(2013), by fixing Tre f and T0 and changing the value of g as shown in Tab. 4.1. The upstream
boundary layer height was kept fixed at H = 12h in the LES simulations for all values of Ri,
as in the wind tunnel experiments of Marucci, Carpentieri, and Hayden (2018) in which the
tendency towards reducing boundary layer height with increasing stability was overcome
by the level of turbulence generated by the inlet spires.

The LES requires a continuous specification of turbulence in time at the inlet to simulate
an evolving turbulent boundary layer. This was achieved by using the inflow turbulence
method developed by Xie and Castro (2008) to generate a synthetic turbulent inflow with
exponential–form correlations in time and space. This inflow method has been shown to
provide a high fidelity reconstruction of the turbulence characteristics in both the energy–
containing region and inertial sublayer of the spectra. Moreover, recent work by Bercin, Xie,
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Table 4.1: LES variation of gravity g with Ri
Case Ri g
Ri=0 0.00 9.81
Ri=0.21 0.21 0.74
Ri=0.5 0.50 1.77
Ri=0.7 0.70 2.48
Ri=1 1.00 3.54
Ri = 1∗ 1.00 3.54

and Turnock (2018) has shown that that the exponential form correlations provide a better
approximation than the Gaussian ones.
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Figure 4.2: Vertical profiles of prescribed integral length scales at the LES inlet x = −2.5h.

The turbulence generated by the inflow method satisfies the prescribed integral length scales
and Reynolds stress-tensor values. The integral length scales Lx, Ly and Lz prescribed in the
streamwise, vertical and lateral directions respectively are shown in Fig. 4.2. These were
estimated from data presented in Marucci, Carpentieri, and Hayden, 2018 for an experiment
simulating Ri = 0.21.

The estimated integral length scales can have considerable uncertainties due to the complex-
ity of auto-correlation function, etc. Xie and Castro (2008) performed numerical sensitivity
tests using different length scale combinations imposed at inlet (i.e. Lx, Ly and Lz factored
by 0.5, 1 or 2). They found that the mean velocities and turbulent stresses within or imme-
diately above the canopy were not sensitive to these variations provided the baseline length
scales are not too different from the ‘true’ values. This suggested that it was not necessary to
consider the effect of integral length scales in the current work.

The inflow turbulence method of Xie and Castro (2008) was also used to generate tempera-
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ture fluctuations. The integral length scale of turbulence in the vertical direction Ly (Fig. 4.2)
was chosen as the integral length scale of temperature fluctuations. Xie, Hayden, and Wood
(2013) and Okaze and Mochida (2017) used similar approaches to generate flow tempera-
ture fluctuations, whereas Xie, Hayden, and Wood (2013) did not carry out a validation and
Okaze and Mochida (2017) considered temperature as passive scalar. The prescribed mean
temperature (Fig. 4.3a) and temperature variance (Fig. 4.3b) were obtained from the wind
tunnel experiment at Ri = 0.21 reported in Marucci, Carpentieri, and Hayden (2018) where
lateral homogeneity was checked. Marucci, Carpentieri, and Hayden (2018) fitted the mean
temperature profile (Fig. 4.3a) for Ri = 0.21 in the usual log–law form,

T(y)− T0 =
T∗
κ

[
ln(

y− d
y0h

) + 16
y− d− y0h

L

]
, (4.7)
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Figure 4.3: (a) Vertical profiles of laterally averaged mean temperature from LES at inlet and
prescribed mean temperature from experiments. (b) Vertical profiles of prescribed
temperature variance at the LES inlet and experimental values.

where the von–Karman constant κ = 0.41, the roughness displacement height d = 0, the
ratio of the boundary layer thickness to the Monin–Obukhov length H/L = 1.13, the scaling
temperature T∗ = 0.34K, the thermal roughness length y0h = 0.021mm, and the maximum
temperature difference ∆TMAX between the cooled floor T0 and the free stream flow Tre f was
fixed as 16K. Because of the experimental uncertainty in measuring temperature values close
to the ground, Marucci, Carpentieri, and Hayden (2018) applied the least–squares fitting
procedure to estimate the ground temperature T0 shown in Hancock and Hayden (2018).

Figure 4.3b shows the prescribed temperature variance at the LES inlet and the experimental
values. A constant temperature variance was prescribed in the vicinity of the floor (y/h ≤ 1)
where it is assumed there is a surface layer. The building walls, the streets and the ground
were assumed to be adiabatic, as the inlet wind speed was high, the air pass–through time
over the array was short, and the local heat transfer over the block surfaces was negligible
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(i.e. less than 10% of the incoming heat from the upstream flow). This assumption was
validated against data from the wind tunnel experiments of Marucci and Carpentieri (2018a)
in Sec. 4.4.1.

4.3.4 Inlet conditions of velocities for LES
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Figure 4.4: Vertical profiles of experimental and numerically prescribed inlet mean velocity
and turbulent stresses. (a) mean velocity,Ri = 0; (b) turbulent stresses, Ri = 0; (c)
mean velocity, Ri = 0.21; (d) turbulent stresses, Ri = 0.21.

Figure 4.4a and Fig. 4.4b show vertical profiles of experimental data (Marucci, Carpen-
tieri, and Hayden, 2018) and numerically (Sessa, Xie, and Herring, 2018) prescribed inlet
mean velocity and turbulent stresses in neutral condition Ri = 0, respectively. Figure 4.4c
and Fig. 4.4d show vertical profiles of experimental data (Marucci, Carpentieri, and Hay-
den, 2018) and numerically prescribed inlet mean velocity and turbulent stresses respec-
tively, at Ri = 0.21. The prescribed inlet mean velocity and turbulent stresses for the cases
Ri = 0.5, 0.7, 1 (Table 4.1) were the same as those for the case Ri = 0.21. This was use-
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ful for quantifying to which extent the thermal stratification alone impacted turbulence and
dispersion, as in Xie, Hayden, and Wood (2013).

The case Ri = 1∗ (Table 4.1) was designed to quantify the effect of inlet TKE. The inlet
mean velocity profile was prescribed to be the same as that of Ri = 1, while the turbulent
stresses were estimated using a simple method. The ratios of the friction velocity to the
free–stream velocity u∗/ure f at Ri = 0, 0.14, 0.21, 0.33 reported in Marucci, Carpentieri, and
Hayden (2018) were normalised by that at Ri = 0.21, and fitted to an exponential–function
of Ri number (Fig. 4.5a).
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Figure 4.5: (a) The data of u∗/ure f at Ri = 0, 0.14, 0.21, 0.33 in Marucci, Carpentieri, and Hay-
den, 2018 fitted to an exponential–function of Ri number, normalised by that at
Ri = 0.21.

Marucci, Carpentieri, and Hayden (2018) found that the ratio of turbulent stresses to the fric-
tion velocity (i.e. u′u′/u2

∗) did not change significantly in the vicinity of the wall in various
weakly stable conditions. We therefore assumed that this ratio was constant between Ri = 1
and Ri = 0.21. The turbulent stresses for ‘Ri = 1∗’ at the inlet were determined from the
estimated friction velocity u∗ obtained from Fig. 4.5. The estimated TKE prescribed at inlet
for ‘Ri = 1∗’ was about 10% of that for ‘Ri = 0.21’.

4.4 LES validation and verification

4.4.1 Validation

Predictions of turbulence, dispersion and mean temperature at Ri = 0.21 were validated
against the wind tunnel (WT) data reported in Marucci, Carpentieri, and Hayden (2018)
and Marucci and Carpentieri (2020). The standard error of the experimental measurements
was around ±1% for mean velocity, ±5% for mean concentration and turbulent variances
(Marucci, Carpentieri, and Hayden, 2018; Marucci and Carpentieri, 2020). Mean velocity
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and temperature, streamwise and lateral turbulent stresses, mean concentration and concen-
tration variance from the point source S2 were compared with wind tunnel data measured
at x = 16h and z = 0.
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Figure 4.6: (a) Vertical profiles of laterally averaged mean velocity from LES and experi-
ments. (b) Vertical profiles of mean temperature from LES and wind tunnel (WT).

LES mean velocity (Fig. 4.6a) and mean temperature (Fig. 4.6b) were spatially averaged over
four identical street intersections at x = 16h, whereas the experimental data were averaged
in time only. The LES predictions of mean velocity were found to be in good agreement with
experimental values below and immediately above the canopy (Fig. 4.6a). Similarly, the ex-
perimental profile of mean temperature was well captured by LES although the experimental
uncertainty in temperature measurements close to the ground is not negligible.
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Figure 4.7: (a) Vertical profiles of laterally averaged streamwise turbulent stress 6(a)and lat-
eral turbulent stress 6(b) from LES and wind tunnel (WT).

Figure 4.7 presents comparisons between LES predictions of the mean streamwise and lateral
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turbulent stresses again averaged over four identical street intersections at x = 16h with the
corresponding experimental data. The small differences between the second–order statistics
in the LES and wind tunnel data in the figures demonstrate the success of the validation. The
differences may reasonably be attributed to comparing spatial averages from the LES with a
single sampling station in the experimental data.
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Figure 4.8: (a) Vertical profiles of laterally averaged mean concentration (a) and vertical con-
centration variance (b) from LES and wind tunnel (WT).

The scalar concentration from the point source S2 was normalised following the method of
Sessa, Xie, and Herring (2018) and Fuka et al. (2018):

C∗ = C
ure f L2

re f

Q
, (4.8)

where the characteristic length Lre f was the building height h and Q was the emission rate.
Similarly, the scalar variance was normalized as:

c′c′∗ =

√c′c′ure f L2
re f

Q

2

. (4.9)

Laterally averaged LES mean concentration (Fig. 4.8a) and scalar variance (Fig. 4.8b) data
were sampled at the main street intersection (x = 16h, z = 0) and compared with the ex-
perimental data. It can be seen that the LES accurately predicted the experimental mean
concentration for y ≥ 0.5h. The close agreement suggests that the predicted mean concen-
tration at ground level should also be accurate. Figure 4.8b shows that the concentration
variance was also well predicted above the canopy, but under-estimated within it. This dif-
ference may well be due to the uncertainties in measuring the concentration variance in the
wind tunnel, and the source shape/size differences which affect the results in the near field
(Sessa, Xie, and Herring, 2018).
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4.4.2 Ground temperature sensitivity test

As discussed in Sec. 4.3.3, Marucci, Carpentieri, and Hayden (2018) used the least–square
fitting method of Hancock and Hayden (2018) to obtain the upstream mean temperature
profile and the temperature at the surface. From this they determined a good fit close to the
ground. They then determined that the stability level in the wind tunnel was Ri = 0.21 by
considering the maximum temperature difference ∆T = 16K between the cooled floor T0

and the free stream flow Tre f .

Although the temperature comparison was good, because of the experimental uncertainty in
determining the surface temperature, the sensitivity of the derived value of Ri to this must
be assessed. A ground surface temperature sensitivity study was therefore conducted to
assess to what extent turbulence and dispersion within and above the canopy were affected
by a small change in ground temperature at the inlet. One case was simulated using the
inlet mean temperature profile shown in Fig. 4.3a but changing the temperature profile in
the vicinity of the ground (i.e. for y ≤ 0.125h) to be a constant which was 2K lower than T0

in Section 4.4.1.

The normalised total heat flux, ψu∗
h,tot, in the direction of flow resulting from the prescribed

inlet temperature profile (Fig. 4.3a) can be estimated.

ψu∗
h,tot =

∫
y/h∈(0,12)

(U T + u′T′)
u∗T∗

d
(y

h

)
, (4.10)

where u′ and T′ are the velocity and temperature fluctuations respectively. As discussed
above, the temperature in the vicinity of the ground was changed between the two LES cases
for y ≤ 0.125h only. This meant that the incoming heat flux was only expected to change
below y = 0.125h. It is to be noted that close to the ground the turbulent flux component
u′T′ in Eq. 4.10 is always very small or negative compared to the advective part U T (Fuka
et al., 2018; Goulart et al., 2019). Similarly, the advective component U T in the vicinity of the
ground is also very small as the mean velocity is nearly zero.

Vertical profiles of mean velocity and turbulent stresses were sampled at x = 16h and later-
ally averaged over 60 locations. The mean concentration from point source S2 was sampled
in the lateral direction at x = 16h and y = 0.5h below the canopy, and normalized as in
Eq. 4.8. As expected, the mean velocity, turbulent stresses and normalised concentration
values for the two cases were found to be in close agreement. This confirmed that small dif-
ferences in incoming heat flux due to the measurement errors in ground surface temperature
had a negligible effect on the downstream turbulence and dispersion within and above the
canopy.
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4.4.3 Inlet TKE sensitivity test
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Figure 4.9: Vertical profiles of mean velocity (a) and normalized concentration from the line
source (b) measured at x = 16h and laterally averaged over 60 locations.

Vertical profiles of mean velocity (Fig. 4.9a) and normalized mean concentration (Fig. 4.9b)
were sampled at x = 16h and laterally averaged over 60 locations. The effect of applying an
inflow with a much lower TKE (i.e. ‘Ri = 1∗’) on the mean velocity profile at x = 16h was
negligible. This shows that the difference between the mean velocity x = 16h for Ri = 0 and
the stable cases was mainly due to the small difference in the velocity profiles at the inlet
(Fig. 4.4).
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Figure 4.10: Vertical profiles of streamwise (a) and vertical (b) turbulent stresses laterally av-
eraged over 60 points at x = 16h.

Figure 4.9b shows vertical profiles of laterally averaged mean concentration at x = 16h for
the line source S1 at various stratification levels. It is to be noted that dispersion from the
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line source is a quasi–2D problem where the plume is laterally homogeneous. Increasing
stability yielded higher concentrations within the canopy and lower concentrations above it.
These effects were found to be further enhanced by prescribing much lower TKE at the inlet.
The increase in concentration below the canopy also demonstrates the impact of reduced
vertical mixing above it.

Figures 4.10a and 4.10b respectively show vertical profiles of streamwise and turbulent stresses
laterally averaged over 60 points at x = 16h. The effects of inflow TKE and thermal stability
are clearly visible on both quantities. For Ri = 0.2, 0.5, 0.7, 1, both the streamwise and the
vertical stresses were found to be reduced within and above the canopy by increasing stabil-
ity. For the cases Ri = 0.2, 0.5, 0.7, 1, the differences above ∼ 6h were negligible due to the
same inflow turbulence conditions being imposed at the inlet. On the contrary, for the cases
Ri = 0 and ‘Ri = 1∗’, the different turbulence conditions imposed at the inlet led to substan-
tial differences in turbulent stresses at x = 16h above the height 6h compared to the other
cases. The evident differences in the Ri = 0, 1 and 1∗ profiles demonstrate the importance of
applying the correct inflow TKE for a chosen stability level.
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Figure 4.11: Vertical profiles of lateral normal turbulent stress (a) and shear stress (b) mea-
sured at x = 16h and laterally averaged over 60 locations. Estimated TKE at
inlet for ‘Ri = 1∗’.

Figure 4.11 shows laterally averaged vertical profiles of lateral normal turbulent stress and
turbulent shear stress at x = 16h. Similarly to the profiles of streamwise and vertical turbu-
lent stresses in Fig. 4.10, both the lateral normal turbulent stress and turbulent shear stress
profiles showed no visible differences above ∼ 6h for for Ri = 0.2, 0.5, 0.7, 1, while within
and immediately above the canopy increasing stability damped the lateral normal turbulent
stress and turbulent shear stress. For the ‘Ri = 1∗’ case, both the turbulent stresses were
lower than those for Ri = 1, due to the much lower TKE prescribed at the inlet, which was
nearly zero above 4h.
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4.5 Stability effects on the internal boundary layer

The transition from the rough surface upstream of the array to the much higher roughness
of the array itself causes an internal boundary layer IBL to develop from the leading edge of
the array. In neutral stratification conditions, the IBL increases in depth as it develops down-
stream over the array and the flow within it has greater turbulent kinetic energy than that
in the external boundary layer (e.g. Sessa, Xie, and Herring, 2018). Given that IBLs develop
at rural to urban transitions etc., and affect the dispersion in urban areas, it is important to
understand their characteristics and how these affect the dispersion of pollutants at various
stability levels.

(a)

(b)

(c)

(d)

Figure 4.12: Q–criterion analysis of flow at z = −1.5h for various stratification conditions
and same inflow turbulence conditions. Ri = 0.21 (a), Ri = 0.5 (b), Ri = 0.7 (c),
Ri = 1 (d).

The Q–criterion is defined as,

Q = 0.5(ΩijΩij − SijSij), (4.11)
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where Ωij = 0.5( ∂ui
∂xj
− ∂uj

∂xi
) and Sij = 0.5( ∂ui

∂xj
+

∂uj
∂xi

). It is useful for highlighting flow regions
in which rotation is dominant over the shear.

Figure 4.12 shows the results of Q criterion analyses for Ri = 0.2 (Fig. 4.12a), Ri = 0.5
(Fig. 4.12b), Ri = 0.7 (Fig. 4.12c) and Ri = 1 (Fig. 4.12d) cases. The IBL was shallower and
of a lower growth rate compared to weaker thermal stratification. The Q–criterion analyses
were repeated for several cross-sections in the lateral direction with similar results.

(a)

(b)
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(c)

(d)

Figure 4.13: Vertical profiles of wall–normal turbulent stress v′v′
+

at x = 6h (a), x = 10h (b),
x = 14h (c) and x = 18h (d), averaged over 60 points in the lateral direction.

The method III (Sessa, Xie, and Herring, 2018) was used to process the data from each lateral
street downstream of the leading edge of the array to locate the height of the IBL interface for
various stability cases (Fig. 4.13). This involves deriving vertical profiles above the canopy
by laterally averaging the dimensionless wall–normal turbulent stress v′v′

+
, and is easy to

implement and provides a reasonable indication of the IBL development. Figure 4.13 plots
vertical profiles of wall–normal turbulent stress immediately above the canopy, shows visi-
ble discontinuities in these profiles.

Fitting linearly these profiles to two straight lines yielded intersections (i.e. “knee" points).
These were identified as the interface of the internal and external boundary layer, which was
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consistent with the Q-criterion analyses shown in Fig. 4.12. This approach is in a similar
manner to the methods of Antonia and Luxton (1972) and Efros and Krogstad (2011). The
vertical stress profiles in the external and internal boundary layer regions were linearly fitted
to a residual error of less than 2% in all cases.

Figure 4.13 shows that for the case ‘Ri = 1∗’ the wall-normal turbulent stress was much
smaller than the other cases because less TKE was prescribed at the inlet. On the contrary,
for the Ri = 0 case, the wall–normal turbulent stress was greater than for the other stable
cases because of the greater level of TKE defined at the inlet.

In Fig. 4.13a (x = 6h) the intersection of the two straight lines shows the height of the IBL
interface was approximately the same for all the LES cases. This is due to a strong recircu-
lation bubble formed at the leading edge, whose size was relatively insensitive to the inflow
turbulence and thermal stability. At x = 10h (Fig. 4.13b) and farther downstream x = 14h
and 18h (Figs. 4.13c and 4.13d), the effects of thermal stability on the depth of the IBL were
more evident and the IBL was found to be shallower as the stratification was increased from
Ri = 0 to Ri = 1.

These results confirm that increasing the thermal stratification damped the turbulence and
mixing, and led to a thinner IBL. It is to be noted that the local mean temperature gradient
within the IBL is much greater than that above it (Fig. 4.3a), resulting in a greater local strat-
ification effect on the turbulence and mixing in the IBL and almost a step–change in normal
Reynolds stress at the interface.
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Figure 4.14: IBL height δIBL for different stratification conditions derived using the method
of Sessa, Xie, and Herring (2018) based on vertical profiles of wall–normal tur-
bulent stress v′v′

+
. xLE is the streamwise coordinate of the leading edge of the

array.

Figures 4.13a – 4.13d show that under the same stratification, lower incoming turbulence (i.e.
‘Ri = 1∗’) yields a shallower IBL compared to greater incoming turbulence (i.e. ‘Ri = 1’).
This suggests that an approaching boundary layer with lower turbulence intensity is more



4.6 Pollutant dispersion 85

susceptible to the effect of local thermal stratification over an urban area. This is consistent
with the work of Williams et al. (2017) who found that the critical Richardson number for
a rough wall was greater than for a smooth wall. This also emphasises the importance of
modelling the non-linear interaction between the incoming turbulence and locally generated
turbulence in thermally stratified conditions.

Figure 4.14 shows the IBL height δIBL for different stratification conditions derived by us-
ing the method of Sessa, Xie, and Herring (2018) based on vertical profiles of wall–normal
turbulent stress v′v′

+
. It can be seen that the overall depth and growth rate of the IBL were

sensitive to both the thermal stability and inflow turbulence conditions. Increasing stratifi-
cation leads to a reduced IBL depth and a lower growth rate. A reduced TKE at the inlet
(‘Ri = 1∗’) enhances these effects further compared to the case ‘Ri = 1’. The depth of the IBL
varies by up to 30% within the studied range of thermal stratification conditions. Given that
the present work has only considered weakly stably stratified conditions, we can conclude
that both the depth of the IBL and the turbulence below and above it following a change in
surface roughness are significantly affected by even small changes in thermal stratification.

4.6 Pollutant dispersion

The effects of stable stratification on pollutant dispersion were investigated by considering
the emission of a passive scalar from a line source S1 (Fig. 4.1). This setup is useful for
studying the effect of stratification on scalar concentration and scalar fluxes. As the periodic
boundary conditions were used in the lateral direction, dispersion from the line source was
a quasi–2D problem because the scalar plume was laterally homogeneous.

Fig. 4.15 shows the instantaneous concentration of the line source S1 on a vertical plane at
z = −1.5h for Ri = 0.21 (a), Ri = 0.5 (b), Ri = 0.7 (c), Ri = 1 (d). The TKE prescribed
at inlet was identical for cases (a), (b), (c) and (d) in order to isolate the effects of increas-
ing stratification on pollutant transport downstream of the source’s location. Although the
contour’s analysis of Fig. 4.15 only shows instantaneous concentrations, the effects were evi-
dent. From Ri = 0.21 (a) to Ri = 1 (d) the pollutant concentration was found to be increased
below the canopy within the downstream lateral streets and consequently, the vertical trans-
port and mixing was found to be reduced above the canopy. The qualitative plots confirm
that the suppression of turbulence and the thinner IBL due to increasing thermal stratifica-
tion (Ri ≤ 1) lead to significant changes on dispersion mechanisms which are quantified in
the following sections.
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(a)

(b)

(c)

(d)

Figure 4.15: Instantaneous concentration contours of the line source S1 on a vertical plane at
z/h = −1.5h for Ri = 0.21 (a), Ri = 0.5 (b), Ri = 0.7 (c), Ri = 1 (d).

4.6.1 Stability effects on scalar fluxes

The total vertical flux ψv∗
tot = ψv∗

adv +ψv∗
turb includes contributions from both advective (Eq. 4.12)

and turbulent (Eq. 4.13) scalar fluxes. The advective and turbulent vertical concentration
fluxes transport pollutants from the canopy flow to the boundary layer above. The dimen-
sionless advective and turbulent vertical flux components are defined respectively as follows
(Fuka et al., 2018):
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ψv∗
adv = V C

h2

Q
(4.12)

ψv∗
turb = v′c′∗ = (VC−V C)

h2

Q
(4.13)

where v′ and c′ are the vertical velocity and concentration fluctuations respectively and V is
the mean vertical velocity.

Similarly, the total streamwise flux in the streamwise direction is defined as follows:

ψu∗
tot = (U C + u′c′)

h2

Q
(4.14)

where u′ is the streamwise velocity fluctuation and U is the mean streamwise velocity.

Figure 4.16: Integrated turbulent vertical concentration flux for horizontal planes 2h× 12h at
y = 1h within 7 lateral streets for various stratification conditions. Line source
placed at x = 10h.

Figure 4.17: Integrated advective vertical concentration flux for horizontal planes 2h× 12h at
y = 1h within 7 lateral streets for various stratification conditions. Line source
placed at x = 10h.

The vertical turbulent (Fig. 4.16) and advective (Fig. 4.17) concentration fluxes from the line
source S1 were integrated at the canopy height y = 1h across the entire span 12h, between
each lateral street defined by two x coordinates separated by 2h.

ψa,b =
∫ ∫

x/h∈(a,b),y/h=1
ψv∗d

( x
h

)
d
( z

h

)
. (4.15)
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Large positive turbulent and advective fluxes were found over the first interval (x = 8.5h−
10.5h) because the horizontal plane was above the source street (x = 10h). Further down-
stream, the turbulent and advective concentration flux components decreased significantly.
Figures 4.16 and 4.17 show that the turbulent flux was generally greater in magnitude than
the advective flux.

Both the turbulent and the advective fluxes generally decreased as Ri was increased from 0.2
to 1.0, given the same turbulent inflow conditions. This confirmed that increasing stratifica-
tion reduced vertical transport of pollutant due to decreasing both the turbulent and advec-
tive scalar fluxes in the vertical direction. For Ri = 0, because of higher TKE prescribed at
inlet, the general pattern was slightly different. For example, at the third downstream inter-
val from the line source (x = 14.5h− 16.5h), the turbulent scalar flux (Fig. 4.16) was found
to be lower than that for Ri = 0.2. This was due to higher turbulent kinetic energy near the
source which yielded greater vertical transport above the canopies than that for Ri = 0.2.

For ‘Ri = 1∗’, the much lower TKE at the inlet caused significantly low turbulent and ad-
vective scalar fluxes over the source street (x = 8.5h− 10.5h). As a result, the scalar plume
for ‘Ri = 1∗’ was strongly advected into the following lateral street (x = 10.5h− 12.5h), pro-
ducing a so–called virtual secondary source. Figures 4.16–4.17 show that over the first two
lateral streets both the turbulent and advective scalar fluxes for ‘Ri = 1∗’ have almost the
same magnitude. This again confirms the existence of the virtual secondary source in the 2nd

street.
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Figure 4.18: Total streamwise flux over 1h × 12h (a) and 2h × 12h (b) vertical planes at 7
streamwise locations downstream of the line source (at x = 10h).

The streamwise total concentration flux (Eq. 4.14) of the line source S1 was integrated over
vertical planes with dimensions (1h× 12h) as shown in Fig. 4.18a and (2h× 12h) as shown
in Fig. 4.18b. The integration was performed between two constant y coordinates across the
entire span. For example, at x = 10.5h, the total flux was computed as follows:
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ψa,b =
∫ ∫

y/h∈(a,b),x/h=10.5
ψu∗d

(y
h

)
d
( z

h

)
. (4.16)

Figure 4.18a shows the amount of pollutant transported in the streamwise direction below
the canopy top. Near the line source, approximately 60% of the total emission Q for Ri = 0
was transported in the streamwise direction while∼ 40% of the emission Q was transported
vertically through the horizontal plane above the source street. Further downstream, the
amount of pollutant transported in the streamwise direction dropped to less than 20% of the
total flux for x ≥ 20h.

From Ri = 0.2 to Ri = 1 a similar amount of pollutant was transported downstream at
x = 10.5h because the kinetic energy close to the source was similar in all cases. Away
from the source, greater stability trapped more pollutant within the canopy layer. Within the
range Ri = 0.2 to Ri = 1 the total concentration flux below the canopy increased by more
than 25% at x/h = 20 which is 5 rows of bocks downstream from the line source. For the case
‘Ri = 1∗’ with lower incoming TKE, the stratification effect is evidently stronger compared
to the case Ri = 1.

Figure 4.18b shows the amount of pollutant transported through the vertical plane below
y = 2h in the streamwise direction. All of the profiles show a peak value at approximately
x = 12.5h. The vertical plane at x = 10.5h was very close to the line source at x = 10h,
where the gradient of total streamwise flux, and consequently the error in integrated total
streamwise flux through the plane was greatest. This might explain why the integrated total
streamwise flux at x = 10.5h shown in Fig. 4.18b is not 100%. Further downstream, the
total streamwise flux through the vertical plane y = 0− 2h increases monotonically as the
stratification level increases for the same incoming turbulence intensity, confirming again
that the spreading of the plume is evidently affected by the stability level. Furthermore,
reducing incoming turbulence resulted in an increase in total streamwise flux through the
vertical plane y = 0− 2h at the same stratification.

4.6.2 Stability effects on mean concentration

As stated earlier in Sec. 4.6.1, within the LES simulations the dispersion from a ground–level
constant line source can be considered to be laterally homogeneous, with spreading of the
plume constrained in the lateral direction. The previous sections show that increasing Ri
decreased the vertical scalar transport above the canopy and led to higher concentrations
close to the ground. In this section, we quantify these effects on mean concentration.

The volume–averaged concentration was calculated within each lateral street up to the canopy
height, starting from the source street which was located between x = 9.5h and x = 10.5h.
Mean concentration from the line source S1 was normalized as in accordance with Eq. 4.8
and averaged over a volume with dimensions 1h× 1h× 12h:

< C∗ >a,b
=
∫

x/h∈(a,b)

∫
y/h∈(0,1)

∫
z/h∈(−6,6)

C∗d
( x

h

)
d
(y

h

)
d
( z

h

)
. (4.17)
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Figure 4.19 shows that the volume–averaged concentration increased monotonically in all
of the streets as the thermal stability was increased, and decreased with distance from the
source at all stratification conditions. This is because increased stability suppresses turbu-
lence resulting in reduced vertical mixing within and above the canopy (see Fig.4.13). Fig-
ure 4.19 also shows that the volume–averaged concentration was increased when a lower
TKE was prescribed at the inlet in the case ‘Ri = 1∗’ compared to that in the case Ri = 1.
This is consistent with a reduction in vertical scalar flux in the case ‘Ri = 1∗’ compared to
that in the case Ri = 1 (Sec. 4.6.1).

Figure 4.19: Volume–average of normalized mean concentration within lateral streets, from
the ground to the canopy height y = 1h. The lateral source street is defined at
x = 9.5− 10.5h.

Figure 4.20 shows a monotonic increase in volume–averaged concentration within each lat-
eral street for cases at Ri ≥ 0.2 compared to that within the same street for case Ri = 0.
This again confirms the effect of increasing thermal stratification and the lower TKE in the
approaching flow for the Ri = 1∗ case shows a 20% increase in volume–averaged concentra-
tion.
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Figure 4.20: Increase (%) in volume–averaged concentration < C∗ > for cases at Ri ≥ 0.2
compared to Ri = 0 within lateral streets up to the canopy height.
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4.7 Conclusions and discussion

In this study we have rigorously examined the effects of various levels of weakly stable strat-
ification (0 ≤ Ri ≤ 1) on turbulence and dispersion over a rural–to–urban transition region
using a high–fidelity large eddy simulation (LES) approach. Firstly we validated the LES
predictions against wind tunnel measurements on a stratified boundary layer approaching a
regular array of cuboid elements at Ri = 0.21. The validation suggested that our developed
synthetic inflow generation method embedded in LES was able to accurately predict mean
velocities, turbulent stresses, mean concentration and variance of concentration fluctuations
from a ground–level line source in weakly stratified flows over a rough–to–very–rough tran-
sition region, such as from rural–to–urban region. It is to be noted that this is the first time
we carried out assessment of synthetic generation of turbulence and temperature fluctua-
tions for modelling a developing weakly stable atmospheric boundary layer.

A numerical sensitivity test was conducted to assess whether a small change of ground tem-
perature upstream of the step change in roughness affected turbulence and dispersion fur-
ther downstream. This was required to assess the potential impact of the non–negligible er-
rors of measuring the ground temperature upstream of the step change in the experiments.
We found that the differences in incoming heat flux due to changes in the surface tempera-
ture were negligible because the mean streamwise velocity was nearly zero in the vicinity of
the ground. We conclude that the turbulence and dispersion downstream of the step change
in roughness were insensitive to small changes of ground temperature upstream of the step
change.

The transition from a rough surface to a much rougher surface composed of an array of
regular cuboid elements generated an internal boundary layer (IBL) from the leading edge
of the array. The method developed in Sessa, Xie, and Herring (2018) was used to evaluate
the depth of the IBL for the different stratification conditions simulated (i.e. 0 ≤ Ri ≤ 1)
and different inflow turbulence intensities. We found that the IBL became shallower as the
thermal stratification was increased. The greater local vertical temperature gradient within
the IBL than in the external boundary layer led to a greater local stratification effect within
the IBL and consequently a more pronounced step–change of normal Reynolds stress at the
the interface of IBL.

It was also found that the IBL height was reduced as the level of TKE was reduced in the
approaching flow for the same stratification condition. This suggests that an approaching
boundary layer with less turbulence intensity is more susceptible to the effect of local ther-
mal stratification over an urban area. This also suggests the importance of accurately mod-
elling the non-linear interaction between the incoming turbulence and the locally generated
turbulence in thermal stratification conditions.

The dispersion and scalar fluxes from a ground–level line source placed behind the fifth row
of elements downstream of the leading edge were analysed extensively in various stratifi-
cation conditions (0 ≤ Ri ≤ 1). The total vertical flux decreased above the lateral streets
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whereas the horizontal total flux increased within the lateral streets as the thermal strat-
ification was increased. This led to larger volume-averaged concentrations within streets
with increasing stratification. If the TKE in the approaching boundary layer was reduced
while maintaining the same level of thermal stratification, the effect on the total scalar fluxes
within and above the canopy, and on the volume–averaged mean concentration within lat-
eral streets was greater.

We conclude that even weakly stable stratification (0 ≤ Ri ≤ 1) in an approaching boundary
layer significantly changes the concentration levels that result from material dispersing from
point or line sources within an array of blocks. This is because of the suppression of the
turbulence in the IBL, and the reduced vertical transport of pollutant above the canopy.



5 Wind direction effects on turbulence and
dispersion

This chapter investigates wind direction effects on turbulence and dispersion over urban
areas. The study examines the wind direction effects over an array of buildings with uniform
height in neutral and weakly stable thermal conditions. Mean flow and turbulence were
successfully validated against wind tunnel experiments for 15◦ (Ri = 0) and 45◦ (Ri = 0.2)
wind directions. However, it was found that for the 45◦ wind direction, the experimental
Reynolds stresses were slightly over–predicted by LES immediately above the canopy due
to the differences between the wind tunnel settings and the LES model at the leading edge.
Volume–averaged concentration below the canopy, vertical and horizontal total fluxes were
analysed against LES of 0◦ wind direction in neutral (Ri = 0) and weakly stable (Ri = 0.2)
thermal conditions. It was found that natural ventilation below the canopy was improved
when the mean wind direction was inclined to a different angle (i.e. 45◦) from the main
streets. However, the mean concentration from a ground–level line source was found to be
insensitive to small variations of wind direction (i.e. 15◦). Furthermore, for Ri = 0.2 the
effects of wind direction on turbulence and dispersion were found to be dominant over the
effects of weak stable stratification.

5.1 Numerical settings of LES 15◦ wind direction

The LES model was implemented within the open-source CFD package OpenFOAM version
2.1. The simulated domain was identical to the one used in our previous studies (i.e. domain
size, number of buildings, building’s orientation etc., Chap. 3) with periodic lateral bound-
aries and stress-free condition at the top of the domain. The inflow turbulence method (Xie
and Castro, 2008) was used at the LES inlet to generate a mean wind rotated by 15◦ in the
clockwise direction from z/h = 0 (Fig. 5.2). The wind tunnel mean velocity and Reynolds
stresses measured upstream of the leading edge in neutral conditions (Fig. 5.3, Marucci and
Carpentieri (2020)) were converted at the LES inlet into the coordinates of the LES model
following the code implementation below and as described in Fig. 5.1.

Assuming clockwise rotation φ on the plane (x, z) from the wind tunnel axes to the LES axes,
the rotation vector R is defined as:

R(−φ) =

[
cosφ sinφ

−sinφ cosφ

]
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so that the mean velocity components (u, w) and the fluctuation terms (u′, w′) from the de-
composition (Eq. 2.31) are obtained as follows:

uLES = uWTcosφ + wWTsinφ; (5.1)

wLES = −uWTsinφ + wWTcosφ; (5.2)

u′LES = Ψ1

√
u′u′WTcosφ + Ψ3

√
w′w′WTsinφ : (5.3)

w′LES = −Ψ1

√
u′u′WTsinφ + Ψ3

√
w′w′WTcosφ; (5.4)

where Ψj is the same of Eq. 2.31. The Reynolds stresses in the wind tunnel coordinate system
u′u′, v′v′, w′w′ and u′v′ are respectively R11, R22, R33 and R21 in Eq. 2.32.

Figure 5.1: Rotation φ from the wind tunnel coordinates (WT) to the LES coordinates with
cuboid elements oriented as in the LES model.
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Figure 5.2: Plan view of the LES array configuration showing dimensions of buildings and
streets, coordinate system, the flow direction rotated by 15◦ in the clockwise di-
rection from z/h = 0, and the location of line source S1.
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The synthetic turbulent velocities, converted in the LES coordinates, were generated in the
wind tunnel coordinates by rotating the urban array by 15◦ in the anti–clockwise direction
(i.e. see Fig. 5.3 for the 45◦ wind direction). This produced slightly different wind config-
uration at the leading edge of the urban array and further downstream, compared to that
created in the LES model using periodic lateral conditions. A line source was positioned on
the ground between the fifth and sixth rows of buildings. The lateral size of the line source
was set equal to the entire width of the domain and a constant scalar flux release rate was
set for each cell inside the volume of the line source.

Figure 5.3: Picture of the experimental urban array rotated by 45◦ in the anti–clockwise di-
rection from z/h = 0 assuming the wind direction parallel to the side walls of the
wind tunnel (Marucci and Carpentieri, 2020).

5.2 Validation of turbulence and dispersion (15◦ wind direction)

Predictions of turbulence and dispersion produced using the inflow method for 15◦ wind di-
rection were validated against data obtained in the environmental wind tunnel at University
of Surrey (Marucci and Carpentieri, 2020). Mean velocity, streamwise and lateral turbulent
stresses were averaged over four identical locations at x = 17h (Fig. 5.2) in the middle of the
short street. Mean concentrations produced by point source S2 (Fig. 4.1) were sampled at
x = 17h and z = 0h and compared with wind tunnel measurements. The standard error of
the experimental data was around ±1% for mean velocity, ±5% for mean concentration and
turbulent variances.

The LES predictions of mean velocity (Fig. 5.4a) were found to be in good agreement with
the experimental data below the canopy and up to y = 2h. Above that height, LES slightly
over–predicted the wind tunnel data. Fig. 5.4c shows that the streamwise turbulent stress
was marginally over–predicted below the canopy and under–predicted above. The peak
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stress at the canopy height was again slightly over–predicted. Fig. 5.4d shows that the lat-
eral turbulent stress was well captured by LES within and immediately above the canopy up
to y = 3h. Above that height, LES under–predicted the experimental values. As mentioned
above, the LES wind configuration at inlet was slightly different from the one of the wind
tunnel and this caused small discrepancies from the experimental mean velocity and turbu-
lent stresses. Furthermore, wind tunnel data were averaged in time (2.5min) only at a single
location rather than four locations.
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Figure 5.4: (a) LES and wind tunnel vertical profiles of mean velocity, (c) streamwise and (d)
lateral turbulent stresses at x = 17h.(b) LES and wind tunnel vertical profile of
mean concentration of the point source S2 at x = 17h and z = 0h.

Fig. 5.4b shows the comparison between LES and wind tunnel mean concentration due to
point source S2. The scalar concentration was normalized as in Eq. 3.10 and measured over
a vertical line at x = 17h and z = 0h. The comparison shows that LES provided an accurate
prediction compared to the experimental mean concentration both below and immediately
above the canopy.
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5.3 Dispersion (15◦ wind direction)

Following the dispersion analysis described in Chap. 4, wind variation effects on the ex-
change of pollutant between the flow within the canopy and the boundary layer above
were quantified by computing the total vertical and horizontal fluxes downstream of the
line source location.

The vertical total flux is defined as follows (Fuka et al., 2018; Sessa, Xie, and Herring, 2018):

ψv∗
tot = V C

h2

Q
+ v′c′

h2

Q
(5.5)

where v′ and c′ are the vertical velocity fluctuation and the scalar fluctuation respectively, V
is the mean vertical velocity, C is the mean concentration of the line source S1 and Q is the
emission rate. Similarly, the horizontal total flux in x–direction is defined as in Eq. 4.14.

Fig. 5.5 shows the total vertical flux produced by line source S1 for 0◦ and 15◦ wind directions
under neutral thermal conditions (Ri = 0). The flux was integrated at the canopy height
(y = 1h) across the entire span (12h), between two x coordinates a distance of 2h apart:

ψa,b =
∫ ∫

x/h∈(a,b),y/h=1
ψv∗d

( x
h

)
d
( z

h

)
. (5.6)

Figure 5.5: Vertical total flux over 2h× 12h horizontal planes (y = 1h) in several streamwise
locations for 0◦ and 15◦ wind direction (Ri = 0). The line source is placed at
x = 10h.

Large vertical fluxes were found over the first location (x = 8.5h− 10.5h) because the hori-
zontal plane was placed above the source street (x = 10h). However, the vertical transport
of pollutant for 0◦ wind direction was slightly greater than that for 15◦ wind direction. This
was due to the non–zero lateral component of flow direction which caused significant lat-
eral transport of pollutant. As a consequence, the scalar plume for 15◦ was visibly more
advected into the following lateral street (10.5h − 12.5h) causing the so–called virtual sec-
ondary source. In fact, the vertical transport of pollutant for 15◦ wind direction was slightly
higher than the 0◦ within the second lateral street. Further downstream, the differences of
vertical transport between 0◦ and 15◦ wind direction were found to be almost negligible.



98 5 Wind direction effects on turbulence and dispersion

Overall, for 15◦ wind direction the amount of pollutant removed from the canopy layer was
found to be only slightly greater than that for 0◦ flow direction.

The amount of pollutant transported in the horizontal direction was quantified by comput-
ing the horizontal total flux in x–direction as in Eq. 4.14 and integrated across the entire span
as in Eq. 4.16. Fig. 5.6a shows the amount of pollutant transported below the canopy top
(y = 1h) in the streamwise direction as the percentage of emission rate Q for 0◦ and 15◦

wind direction. Near the line source (x = 10h), approximately ∼ 65% of the total emission
Q was transported horizontally for 15◦ wind direction while ∼ 61% for 0◦, consistently with
Fig. 5.5. Away from the source, the amount of pollutant transported horizontally decreased
faster for 15◦ wind direction compared to 0◦. Again this was due to the amount of pollu-
tant removed vertically from the first two lateral streets for 15◦ wind direction. Far from the
source (i.e. x ≥ 16h), the non–zero flow direction caused the total horizontal flux to decrease
by approximately 4%.

Fig. 5.6b shows the total horizontal flux integrated over 2h× 12h vertical planes for 0◦ and
15◦ wind direction. Near the line source almost the total emission Q was transported hor-
izontally for y ≤ 2h and for both wind directions. Further downstream, the amount of
pollutant trapped below y = 2h decreased faster for 15◦ than for 0◦ wind direction. For
x ≥ 16h, the total horizontal flux was found to be reduced by ∼ 8% when changing the flow
direction by 15◦.
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Figure 5.6: Streamwise total flux over 1h× 12h (a) and 2h× 12h (b) vertical planes in several
streamwise locations downstream of the line source (at x = 10h).

Fig. 5.7 and Fig. 5.8 show the time–averaged streamwise total flux (Eq. 4.14) over an horizon-
tal plane at y = 0.5h below the canopy, for the 0◦ and 15◦ wind direction cases. According
to the above analysis, the contour plots show that the amount of pollutant transported at
y = 0.5 is visibly lower for the 15◦ wind case compared to the 0◦. The figures also suggest
that most of the pollutant is transported along the main streets for the 0◦ wind case. For the
non–zero flow direction, the channelling along the street is less evident and the additional
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turbulence generated at the building’s corner caused increased vertical transport within the
near–source two lateral streets.

Figure 5.7: Streamwise total flux UC contours over an horizontal plane at y = 0.5 for 0◦ wind
direction (Ri = 0).

Figure 5.8: Streamwise total flux UC contours over an horizontal plane at y = 0.5 for 15◦

wind direction (Ri = 0).

As mentioned in Chap. 1, the surface drag can vary substantially if the prevailing wind di-
rection is not in–line with the main streets of a regular array of cuboid elements (Britter and
Hanna, 2003; Claus et al., 2012). The increase of surface drag leads to increasing turbulent
kinetic energy which was found to be beneficial to pollutant ventilation within and immedi-
ately above the canopy.

The scalar concentration of the line source was normalized as in Eq. 4.8 and averaged over
several volumes with dimensions 1h × 1h × 12h (Eq. 4.17). The volume–averaged concen-
tration within the source street (x = 9.5h − 10.5h, Fig. 5.9) was found to be more or less
similar for both wind directions, although slightly greater for 15◦. On the contrary, the mean
concentration for 15◦ was slightly lower than that of 0◦ within the following lateral street
because more pollutant was removed vertically from the canopy layer (Fig. 5.6a). Further
downstream, the volume-average concentration was found to be reduced by approximately
15% for 15◦ wind direction compared to 0◦. We concluded that the volume–averaged con-
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centration from a ground–level line source is slightly affected by a small variation of the
mean wind direction.

Figure 5.9: Volume–average of normalized mean concentration within lateral streets, from
the ground to the canopy height y = 1h. The lateral source street is placed at
x = 9.5h− 10.5h.

5.4 Numerical settings of LES 45◦ wind direction

The inflow turbulence method (Xie and Castro, 2008) was used at the LES inlet to generate
a mean wind rotated by 45◦ in the clockwise direction from z/h = 0 (Fig. 5.10). Again,
the experimental mean velocity measured upstream of the leading edge in weakly stable
conditions (Ri = 0.2) (Marucci and Carpentieri, 2020) was rotated by 45◦ and prescribed
with turbulent stresses at the LES inlet (Fig. 5.3). As in the previous case, the wind tunnel
experiment of 45◦ wind direction was carried out by using a wind direction parallel to the
side walls and by rotating the urban array of 45◦ in the anti–clockwise direction (Marucci
and Carpentieri, 2020).
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Figure 5.10: Plan view of the LES array configuration showing dimensions of buildings and
streets, coordinate system, the flow direction rotated by 45◦ in the clockwise
direction from z/h = 0, and locations of line source S1.
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5.5 Validation of flow and turbulence (45◦ wind direction)

LES mean velocity and turbulent stresses for 45◦ (Ri = 0.2) wind direction were compared
with experimental data obtained in the environmental wind tunnel at University of Surrey
(Marucci and Carpentieri, 2020). Numerical results were averaged over four identical loca-
tions in the street intersections (x = 16h, Fig. 5.10). Wind tunnel measurements were sam-
pled in the same locations and averaged over time (2.5min) only. The standard error of the
experimental data was around ±1% for mean velocity and ±5% for turbulent variances.
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Figure 5.11: (a) LES and wind tunnel vertical profiles of mean velocity, (b) streamwise, (c)
vertical and (d) turbulent shear stresses over street intersections at x = 16h.

Fig. 5.11a shows that the inflow method for the 45◦ wind direction predicted the experimen-
tal mean velocity with high accuracy below the canopy and well above it. However, exper-
imental streamwise (Fig. 5.11b), vertical (Fig. 5.11c) and turbulent shear stresses (Fig. 5.11d)
were visibly over–predicted immediately above the canopy. This was mainly due to the dif-
ferent wind configuration at the leading edge of the LES array compared to the wind tunnel
(i.e. Fig 5.12).
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In the experimental set–up of Marucci and Carpentieri (2020), the 45◦ wind direction was
performed by assuming the wind flow parallel to the lateral walls of the wind tunnel and
the original array (Castro et al., 2017) rotated by 45◦ in the anti–clockwise direction. The
experimental array was trimmed at 45◦ to avoid flow separation at the upper–right corner
and the leading edge (red line) is shown in Fig. 5.12. On the contrary, the 45◦ wind direction
was simulated in the LES model by simply rotating the flow direction and assuming an
infinitely–wide array. The CFD leading edge is shown with a blue line in Fig. 5.12.

Sample location    
Leading edge of the 
CFD array

Leading edge of 
the WT array

45° wind direction

Figure 5.12: LES and wind tunnel configuration for the 45◦ wind direction. The CFD and
wind tunnel leading edges are shown with blue and red lines respectively.

Although LES and experimental mean velocity and turbulent stresses (Fig. 5.11) were sam-
pled at the same distance from the leading edge (x = 16h), the LES TKE immediately above
the canopy was much greater than that of the wind tunnel experiment due to the additional
rows of buildings on the upper–left side of the CFD model (dashed black line in Fig. 5.12).
These rows of buildings were omitted in the wind tunnel configuration and as a result, the
experimental Reynolds stresses were found to be evidently lower than those from LES. More-
over, Marucci and Carpentieri (2020) found that the plume centreline from the ground–level
point source deviated from the 45◦ wind direction by a certain angle in the clockwise di-
rection, indicating a strong flow within and immediately above the canopy along the long
street. A finite width of the array constraints this flow to some extent and the effects of the
missing upper rows of buildings would be more evident.
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We claim that the LES wind configuration at inlet is more realistic than the wind tunnel
approach as it is a better simulation of the idealised case of flow crossing an infinite discon-
tinuity in surface at an angle. Assuming the successfully validation of LES with the inflow
method against wind tunnel measurements for the 15◦ wind direction, the analysis of the
45◦ was used to investigate flow and dispersion mechanisms further.

The LES and wind tunnel comparison improved significantly above y ∼ 5h because, well
above the canopy, the turbulence is mostly influenced by the inflow turbulent conditions
rather than the array configuration. Below the canopy, mean flow and turbulence are driven
by the mechanical mixing induced by the shape of the obstacles and street configuration. For
this reason, LES turbulent stresses were found to be in good agreement with wind tunnel
measurements below the canopy.

5.6 Dispersion (45◦ wind direction)

Wind direction effects on dispersion in weakly stable conditions were analysed by comput-
ing the total vertical flux produced by the line source in several streamwise locations. The
vertical flux was integrated at the canopy height (y = 1h) across the entire span (12h) as in
Eq. 5.6 for both 0◦ and 45◦ wind directions.

Figure 5.13: Vertical total flux over 2h× 12h horizontal planes (y = 1h) in several streamwise
locations for 0◦ and 45◦ wind direction (Ri = 0.2). Line source is placed at
x = 10h.

Fig. 5.13 shows that within the source street (z = 8.5h − 10.5h) the amount of pollutant
removed from the canopy layer increased by more than 20% for the 45◦ wind direction com-
pared to 0◦. Similarly, within the following lateral street (x = 10.5h− 12.5h) the percentage of
total vertical flux increased by approximately 10%. Further downstream (x ≥ 12.5h) the ver-
tical flux for 45◦ wind direction was found to be lower than that of 0◦. As mentioned above,
for the 45◦ case the wind flow is inclined by a prominent angle which leads to additional
flow separation at the upwind corner of the cuboid elements. As a result, the ventilation
close to the source is enhanced by the increased turbulent kinetic energy. Fig. 5.13 shows
that more than 80% of the total emission Q was removed from the first two lateral streets
for the 45◦ wind direction case. This amount of pollutant was found to be more than 20%
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greater than that of the 15◦ case in Fig. 5.5, although for a slightly different level of thermal
stability. The results show that wind direction was the dominant factor in determining the
exchange of pollutant between the canopy flow and the boundary layer above.

The total horizontal flux in the streamwise direction was again computed as in Eq. 4.14 and
integrated across the entire span (Eq. 4.16). Fig. 5.14a shows the amount of pollutant trans-
ported below the canopy for both 0◦ and 45◦ wind directions. Because of the amount of pol-
lutant removed vertically from the source street (Fig. 5.13), for 45◦ wind direction less than
50% of the emission Q was transported below the canopy into the following lateral street.
Compared to 0◦ flow direction, the total horizontal flux of 45◦ was found to be 20%− 30%
lower, downstream of the source street. In fact, for x ≥ 16h the total amount of pollutant
below the canopy dropped to less than 10% of the emission Q.

Similarly, wind variations caused a substantial decrease of pollutant transported below the
height y = 2h (Fig. 5.14b). The effects were more visible away from the source (i.e. x ≥ 14h)
where the total horizontal flux for 45◦ wind direction was found to be approximately 20%
lower than that of the 0◦ case. This again confirms the beneficial effects of wind variation on
scalar ventilation below and immediately above the canopy.
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Figure 5.14: Streamwise total flux over 1h× 12h (a) and 2h× 12h (b) vertical planes in several
streamwise locations downstream of the line source (at x = 10h).

Hertwig et al. (2018) analysed point source dispersion over the same array of regular cuboid
elements by using a combination of high–resolution large–eddy simulation and wind tunnel
data. For 45◦ wind direction, it was found that the scalar plume was transported much faster
above the canopy layer than below and at a distance of 4.5h from the source, a significant part
of the plume was located outside of the urban canopy layer. In this study we were able to
quantify the amount of pollutant removed from the urban canopy layer because line source
dispersion is a quasi–2D dimensional problem where the plume is laterally homogeneous
and so easier to analyse compared to the 3D point source dispersion. For example, Fig. 5.14a
shows that at x = 4.5h from the source approximately 60% of pollutant was removed from
the canopy layer.
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Fig. 5.15 and Fig. 5.16 show the time–averaged streamwise total flux (Eq. 4.14) over an hori-
zontal plane at y = 0.5h below the canopy, for the 0◦ and 45◦ wind direction cases in weakly
stable condtions (Ri = 0.21). As discussed above, the contour plots show that the amount
of pollutant transported at y = 0.5h is much lower for the 45◦ wind case compared to the
0◦. Again, for the 45◦ wind direction the channelling along the streets is less evident and the
additional turbulence generated at the building’s corner caused increased vertical transport
near the source. These effects are more evident than for the 15◦ wind direction (Fig. 5.8)
although the thermal stratification conditions are slightly different.

Figure 5.15: Streamwise total flux UC contours over an horizontal plane at y = 0.5 for 0◦

wind direction (Ri = 0.2).

Figure 5.16: Streamwise total flux UC contours over an horizontal plane at y = 0.5 for 45◦

wind direction (Ri = 0.2).

Lastly, the mean scalar concentration of the line source was averaged over several volumes
with dimensions 1h× 1h× 12h (Eq. 4.17) for 0◦ and 45◦ wind direction (Fig. 5.17). Within the
source street (x = 9.5h− 10.5h) the volume–average concentration was found to be almost
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insensitive to wind direction. The reason was due to the increased vertical flux for 45◦ (i.e.+
25%, Fig. 5.13) which was balanced by the reduced horizontal flux (i.e.− 25%, Fig. 5.14a),
compared to the 0◦ wind direction. However, the wind variation effects were dominant
away from the source. For example, within the fourth lateral street (x = 15.5h− 16.5h) the
volume–average concentration decreased by approximately 40% below the canopy, and even
more further downstream. As shown in Fig. 5.9, the 15◦ wind variation in neutral thermal
conditions caused a decrease of ∼ 15% of volume–average concentration. Therefore, it was
concluded that the increasing rotation of the flow direction up to 45◦ leads to a significant
decrease of volume–average concentration below the canopy. Moreover, these conclusions
were conservative because the 45◦ wind direction was simulated at Ri = 0.2 so the vertical
exchange would be greater and mean concentrations reduced even further if it was at neutral
conditions.

Figure 5.17: Volume–average of normalized mean concentration within lateral streets, from
the ground to the canopy height y = 1h. The lateral source street is placed at
x = 9.5− 10.5h.

5.7 Conclusions and discussion

Wind direction effects on turbulence and dispersion were analysed by using LES with inflow
turbulent conditions over a rural–to–urban transition region. LES mean flow and turbulent
statistics were validated against wind tunnel experiments of 15◦ wind direction at Ri = 0
and 45◦ wind direction at Ri = 0.2. Compared to the 0◦ wind direction (Sec. 3.4.1), we found
that rotation of the wind direction (i.e. 15◦ and 45◦) led to less accurate agreement of turbu-
lent statistics between LES and wind tunnel experiments in the region immediately above
the canopy. The discrepancies were due to the lower turbulent kinetic energy produced by
the experimental array of limited lateral dimensions compared to the LES array of periodic
lateral conditions. The effects were considerable for the 45◦ wind direction.

Wind direction effects on dispersion were analysed by comparing LES vertical and horizon-
tal total fluxes for 15◦ and 45◦ wind direction against LES of 0◦ at Ri = 0 and at Ri = 0.2
respectively. It was found that the amount of pollutant transported below the canopy was
significantly reduced because the turbulence near the ground was enhanced for a mean wind
direction inclined to a different angle from the main streets. The effects were greatest for
the 45◦ wind direction. The comparison between LES of 15◦ against 0◦ suggested that the
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volume–average concentration below the canopy was almost insensitive to small variations
of wind direction. In contrast, the comparison between LES of 45◦ against 0◦ showed that the
volume–averaged concentration below the canopy was evidently reduced. This confirmed
that the natural ventilation below the canopy was greatly improved for the non–zero wind
direction, even in weakly stratified thermal conditions. Further to previous studies, we were
able to quantify the amount of pollutant removed from the urban canopy layer at any dis-
tance from the source and in neutral and weakly stable stratification conditions.





6 On the effects of wind velocity and direction
on point source dispersion in rural
environment

In this study, a field experiment of gas dispersion in a rural environment was modelled by
using full–scale LES with turbulent inflow conditions. LES results of mean concentration
were compared against real–field measurements and the predictions of the Urban Disper-
sion Model (UDM) (Guy and Herring, 2016). It was found that field measurements were
sensitive to wind conditions, in fact similar wind directions but different wind speeds pro-
duced different dispersion scenarios in the real field. LES performed similar to the UDM
model but predicted the lateral mean concentration better, although the accurate prediction
of field measurements was hard to achieve. Lastly, it was found that LES dispersion over a
relatively smooth surface (i.e. uniform mowed grass) was sensitive to source size differences
in the near–field but not in the far–field.

6.1 Introduction
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Figure 6.1: Illustration of source location (red star) and samplers at a height of 1.5m from the
ground on arcs up to 800m downwind of the source (Guy and Herring, 2016).
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environment

In the summer of the 1956 one of the most comprehensive dispersion experiments with name
‘Project Prairie Grass’ was carried out in Nebraska (Barad, 1956). The experiment involved
nearly 70 releases of SO2 of 10 and 20 minutes durations with concentration sampled at a
height of 1.5m on arcs up to 800m downwind of the source Fig. 6.1. During the experiment,
SO2 concentrations, wind, temperature and humidity profiles were measured and the large
dataset has been used to assess and validate theories on dispersion mechanisms within the
atmospheric boundary layer.

Guy and Herring (2016) conducted a study to assess the performance of the Urban Disper-
sion Model (UDM) against data from the Prairie Grass experiment. UDM is a Gaussian puff
model which uses empirical relationships to predict dispersion in open terrain (Guy and
Herring, 2016). A total of 52 concentration releases in unstable, neutral and stable thermal
conditions were compared at a height of 1.5m on arcs up to 800m downwind of the source. It
was found that the UDM dispersion model produced good predictions in neutral and nearly
neutral conditions for wind speed above 5m/s. However, the model performance decreased
rapidly for wind speeds below 5m/s, maybe due to less accurate prediction of scalar turbu-
lent diffusion which dominates at low wind speeds.

In this section, LES with the inflow turbulent conditions was used to simulate the dispersion
from a ground–level point source in a rural environment. The aim was to assess LES predic-
tive performance against data produced by the UDM dispersion model (Guy and Herring,
2016) and field measurements (Barad, 1956) for different velocities and wind directions.

6.2 Numerical Settings

The biggest challenge of modelling the Prairie Grass study is to simulate dispersion from a
50.8mm diameter pipe source at a height of 0.46m within the atmospheric boundary layer
over an area of 800m2 (Re ∝ 106). Guy and Herring (2016), used a 1m diameter spher-
ical source over an empty ground (4000m × 4000m) with surface roughness length y0 =

0.006m and derived Monin–Obukhov lengths (Nieuwstadt and Ulden, 1978) for each release.
The UDM dispersion model assumed SO2 concentrations following a Gaussian distribution
downwind of the source.

The wall model is an important issue for LES if the near–wall mesh is not fine enough to
resolve the viscous sublayer. Although computational power is increasing rapidly, it is still
impossible to reproduce a ground surface of mowed grass within the atmospheric boundary
layer, therefore a rough–wall model has to be used. This LES study considered the Spalding
rough–wall function (Launder and Spalding, 1974) implemented in OpenFOAM to model
the ground surface by prescribing the roughness length y0. This meant that it was assumed
that the centroid of the cell next to the wall falls within the logarithmic region of the bound-
ary layer:

u =
u∗
κ

ln
[

y
y0

]
, (6.1)
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where the von Karman constant was κ = 0.41 and the roughness length y0 = 0.006m was
estimated over an empty ground area by UDM in Guy and Herring (2016). The friction
velocity u∗ was assumed to be constant near the ground and calculated for each wind sce-
nario by substituting in Eq. 6.1 the field measurements (Barad, 1956) of 20min–average wind
velocity at y = 2m.

0
-50

S

Figure 6.2: Schematic view of the modelling domain, including the size 600m× 50m× 100m
and the location XS = 100m of the ground source S.

The inflow turbulent method developed by Xie and Castro (2008) was used at the inlet
(X = 0m) of a plane channel flow of dimensions 600m × 50m × 100m (Fig. 6.2), with pe-
riodic conditions at the lateral boundaries and stress–free condition at the top of the domain
(H = 50m). Because the point source S was positioned very close to the ground (i.e. Y ≤ 1m,
X = 100m, Z = 0m), the height of the domain was assumed to be conservative enough to
capture the most important turbulent features near the wall (i.e. Y = 1.5m). The lateral and
longitudinal size of the domain were chosen in order to capture the lateral spreading of the
plume and to allow a fully developed turbulent flow respectively (Re ∝ 106).

It has been widely shown that accurate LES predictions are achieved over regular urban
and rural–to–urban geometries by using a grid resolution of h/15 (Cheng and Porte-Agel,
2016) or h/16 (e.g. Sessa, Xie, and Herring, 2018; Castro et al., 2017). Over more complex
urban geometries which include building height and shape variations, finer resolution is
typically required. For example, Xie and Castro (2009) found that a resolution down to 1m
(i.e. h/20) was reasonable to produce sufficiently accurate LES predictions over a genuine
urban geometry. However, Xie and Castro (2009) used an unstructured non–hexahedral
mesh with separate region refinements in the streamwise and vertical directions.

In this study we used a Cartesian hexahedral mesh with grid refinements in the vertical
and lateral directions. Uniform hexahedral meshes are known to be more accurate than
polyhedral meshes due to the simpler approximation (i.e. linear) and higher efficiency. We



112
6 On the effects of wind velocity and direction on point source dispersion in rural

environment

used a uniform grid resolution of 0.25m near the ground for our course–mesh cases (LES1
and LES2) which is much finer than the suggested value of 1m for accurate LES predictions
over complex urban geometries. Moreover, the geometry simulated in this study represents
an ideal rural surface where the flow features are less complex than urban–type flows.

Figure 6.3: Cross–section of the first mesh configuration with three grid refinements: fine
resolution 0.25m for Y ≤ 1m, medium resolution 0.5m for 1m < Y ≤ 10m and
coarse resolution 1m for 10m < Y ≤ 50m.

This LES study was performed by using two different mesh configurations with similar num-
bers of cells (107). The first model used a uniform Cartesian mesh with three grid refinements
in the vertical direction (cross–section in Fig. 6.3), whereas the second model used four mesh
refinements, radial to the source location Z = 0 (Fig. 6.4). Within the first model, a fine reso-
lution of 0.25m was applied up to the height of Y = 1m from the ground in order to simulate
the spherical source S1 with diameter dS1 = 1m and centre height hS1 = 0.50m. A medium
resolution of 0.50m was used from the height of Y = 1m to Y = 10m and a coarse resolution
of 1m was used from the height of Y = 10m to the top of the domain (H = 50m). The first
mesh configuration was also used to simulate a second spherical source S2 with diameter
dS2 = 0.5m and centre height hS2 = 0.5m in order to quantify the effects of reduced source
size on dispersion, downwind of the source location.

The second mesh configuration (cross-section in Fig. 6.4) used a very fine resolution of
0.125m near the source from Z = −5m to Z = 5m and up to Y = 1m from the ground.
A fine resolution of 0.25m was then used radially from Z = −10m to Z = 10m and up to
Y = 5m from the ground, a medium resolution of 0.5m from Z = −18m to Z = 18m and up
to Y = 15m from the ground and lastly, a coarse resolution of 1m in the outer domain. The
four mesh refinements were applied in the lateral direction only, so that semi–cylindrical re-
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gions of increasing resolution were obtained from inlet (X = 0m) to outlet (X = 600m) (top
view in Fig. 6.5). Within the second mesh configuration, a third spherical source S3 with
diameter dS3 = 0.25m and centre height hS3 = 0.50m was simulated with LES. Dispersion
predictions from the small source S3 (LES3) were compared against LES of the medium size
source S2 (LES2) and LES of the big size source S1 (LES1).

Figure 6.4: Cross–section of the second mesh configuration with four grid refinements: very
fine resolution 0.125m for Y ≤ 1m and −5m ≤ Z ≤ 5m, radial fine resolution
0.25m, medium resolution 0.5m and coarse resolution 1m up to the domain top
Y = 50m.

Figure 6.5: Top view of the second mesh configuration showing the lateral scalar spreading
from the ground source S captured by the mesh refinement over the centreline.

6.3 Flow and turbulence

As mentioned above, the ground surface of mowed grass was modelled in LES by using
the Spalding rough–wall function (Launder and Spalding, 1974) with prescribed roughness
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length y0 = 0.006m. The use of a rough–wall function is advisable when simulating the
flow over spatially–homogeneous and very complex geometries with limited computational
resources. However, the big issue for even the most recently–implemented rough–wall func-
tions is that the turbulent kinetic energy prescribed at inlet decays rapidly within the domain
because it is not properly sustained by the modelled ground surface.
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Figure 6.6: Vertical profiles of laterally averaged mean velocity prescribed at inlet and further
downstream at X = 0m, X = 4H, X = 6H and X = 8H, where H = 50m.

In this LES study we found that the Spalding rough–wall function implemented in Open-
FOAM v.2.1 performed surprisingly well, providing an accurate prediction of the prescribed
mean flow and second–order statistics, even far from the inlet.

Fig. 6.6 shows the comparison of mean velocity profile prescribed at inlet (Eq. 6.1) and mean
velocity at the streamwise distances of X = 4H, 6H, 8H where H is the height of the domain.
The velocity profiles were laterally averaged over several points and normalized by the ref-
erence velocity Ure f = 10.5m/s at the top of the domain. The comparison shows that within
a distance of X = 8H (400m) from the inlet, the differences of laterally–averaged mean ve-
locities were negligible. This confirmed that the mean flow was accurately sustained by the
rough–wall model.

In order to evaluate the performance of the rough–wall function in more detail, the stream-
wise, vertical, lateral turbulent stresses and TKE were compared in Fig. 6.7. Because the tur-
bulent stresses were not provided in the Prairie grass experiment, the prescribed turbulent
stresses at inlet were estimated from wind tunnel experiments (Castro et al., 2017), scaled by
the friction velocity and assumed to be constant near the ground surface. The mean vertical
profiles of turbulent stresses were normalized by the reference velocity Ure f and laterally
averaged over several points.
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Figure 6.7: Vertical profiles of laterally averaged streamwise (a), vertical (b), lateral (c) and
turbulent kinetic energy (d) prescribed at inlet and further downstream at X =

0m, X = 4H, X = 6H and X = 8H, where H = 50m.

In Fig. 6.7a the streamwise turbulent stress at X = 4H was found in good agreement with
the prescribed stress at inlet although, the inlet profile was slightly over–estimated near the
ground. Further downstream the turbulent stress decayed evidently in the vertical direction,
nevertheless the peak stress near the ground was found to be approximately constant within
a distance of X = 8H from the inlet. Similarly, the vertical turbulent stress prescribed at inlet
(Fig. 6.7b) was found to be well sustained by the rough–wall model at X = 4H, but differ-
ently from the streamwise stress, it was under–estimated near the ground surface. Further
downstream, the vertical stress profiles were found to be visibly enhanced but in agreement
below the height of Y = 0.2H from the ground with constant peak stress localized at around
Y = 0.3H.

In Fig. 6.7c, the lateral turbulent stress prescribed at inlet was found in good agreement
with lateral stresses at X = 4H, 6H, 8H near the ground surface and well above. Again,
the peak stress near the ground surface was found to be approximately constant within a
distance of X = 8H from the inlet. Lastly, Fig. 6.7d summarise the turbulent kinetic energy
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prescribed at inlet and further downstream at X = 0m, X = 4H, X = 6H and X = 8H. The
comparison shows that the wall model sustained the flow energy accurately. The turbulent
kinetic energy at X = 4H, X = 6H and X = 8H was found in good agreement with the
prescribed kinetic energy at inlet, near the ground and well above. This also confirmed that
the size of the domain was reasonable and the mesh resolution was fine enough to preserve
second–order statistics. Overall, it was found that the the Spalding rough–wall function
performed well for second–order statistics. The above–described differences between the
downstream stress profiles and the prescribed turbulent stresses at inlet were maybe due to
not accurate turbulence assumptions made at inlet.

6.4 Results

Table 6.1: Analysed field measurements including the mean wind speed at 2m from the
ground, wind direction (0◦N) and the release rate from the source (kg/s).

Case U (m/s) Wind direction (0◦N) Release rate (kg/s)
6∗ 6.8 0 0.0895
11 7.03 5 0.0959
20 8.6 12 0.1012
21 6.12 13 0.0509
22∗ 6.42 10 0.0484
23 5.91 48 0.0409
24 6.22 34 0.0412
31 7.33 −24 0.0960
38 4.14 19 0.0454

The UDM and experimental 20min–average concentration of SO2 in several wind scenarios
(neutral and weakly non–neutral thermal conditions) were normalized as in Eq. 3.10 and
compared with predictions by LES. For each wind scenario the observed wind speed and
direction were averaged in time (20min) and the reference velocity Ure f at Y = 50m was
obtained from Eq. 6.1, while the reference length was set to Lre f = 1m.

Because of the effects of the source size in the near–field, LES mean concentration was nor-
malized by the average experimental peak mean concentration at X − XS = 50m, where XS

is the source location. LES normalized mean concentration C∗ from the source S1 (LES1,
Fig. 6.8a), the source S2 (LES2, Fig. 6.8b) and the source S3 (LES3, Fig. 6.9) were compared
against normalized mean concentration from the field experiment (Barad, 1956) and the
UDM model (Guy and Herring, 2016) over the centreline. The figures below show the com-
parison in C∗–to–C∗ plots of LES against the field experiment (OBS), LES against the UDM
and the UDM against OBS, measured at X− XS = 1H, 2H, 4H, 8H. Table 6.1 shows the field
measurements in neutral thermal conditions (Guy and Herring, 2016) used for the compari-
son with LES and UDM predictions in Fig. 6.8a, Fig. 6.8b and Fig. 6.9. Cases 6∗ and 22∗ were
analysed further in Sec. 6.4.2 and Sec. 6.4.3 respectively.
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(a) (b)

Figure 6.8: Peak mean concentration comparison over the centreline at X − XS =

1H, 2H, 4H, 8H between LES1 of source S1 (a) and LES2 of source S2 (b) against
field measurements (OBS) of Table 6.1 and UDM.

Fig. 6.8a shows that the normalized mean concentration of the big size source S1 (LES1) was
found in good agreement with results of the UDM model far from the source (i.e. X ≥ 4H,
C∗ ≤ 0.003). Near the source (i.e. X ≤ 2H) UDM predictions were found to be slightly over–
estimated by LES maybe due to turbulence differences which certainly affect dispersion near
the source. On the contrary, field measurements were found to be well predicted near the
source (i.e. X ≤ 2H) but visibly over–estimated far from the source (i.e. X ≥ 4H). In this
case, good prediction near the source was expected because LES mean concentration was
normalized by the field measurement of mean concentration at X = 1H from the source.
However, most of the experimental results were over–estimated in the far field because the
size of the LES source S1 was significantly bigger than the experimental one. Fig. 6.8a as
well as Fig. 6.8b and Fig. 6.9 also show a comparison between UDM and field measurements.
According to Guy and Herring (2016), most of the field measurements were under–predicted
by UDM near the source and over–predicted in the far–field, again due to the size of the
UDM source which was significantly bigger than the experimental one.

Fig. 6.8b shows that the normalized mean concentration of the medium size source S2 (LES2)
was found in good agreement with UDM results far from the source (i.e. X ≥ 4H, C∗ ≤
0.003) and in fair agreement with those near the source (i.e. X ≤ 2H). We found that the
improvement of UDM prediction in the near–field was due to the reduced size of source
S2 which led to lower concentrations compared to LES of source S1. As a consequence, the
prediction of field measurements slightly improved in the far–field because the concentration
from the medium size source S2 decayed more rapidly than the concentration from the big
size source S1.

Lastly, Fig. 6.9 shows the comparison between the normalized mean concentration from the
small source S3 with UDM and field measurements. To be noted that the second mesh con-
figuration with four radial refinements was used for LES of source S3. Firstly, it was found
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that the prediction of UDM mean concentration further improved near the source, whereas
it was slightly over–estimated further downstream. In turn, field measurements in the far–
field were found in better agreement with LES of source S3 compared to LES of source S1
and S2. This was due to greater resolution over the centreline and the further reduced size
of source S3, more similar than S2 and S1 to the experimental one.

Figure 6.9: Peak mean concentration comparison over the centreline at X − XS =

1H, 2H, 4H, 8H between LES3 of source S3 against field measurements (OBS) of
Table 6.1 and UDM.

To summarise, within the same mesh configuration it was found that the differences of
source size slightly affected the prediction of experimental mean concentration in the far–
field (Fig. 6.8a and Fig. 6.8b). Obviously, the prediction further improved for the second
mesh configuration (Fig. 6.9) with high resolution in the region of interest (i.e. over the cen-
treline). The above–described discrepancies between LES and experimental mean concen-
tration were certainly affected by temporal variations of wind speed and direction within
the 20min–average window. In fact, small variations of wind direction in the real field may
enhance lateral and vertical scalar spreading leading to lower concentration over the same
monitoring point.

Fig. 6.10 shows the comparison of LES mean concentration over the centreline of source S1,
S2 and S3 with UDM and field measurements (Tab. 6.1) downstream of the source location
XS. Again, experimental and UDM mean concentration were normalized as in Eq. 3.10 where
LES mean concentration was normalized by the experimental peak value at X − XS = 50m.
The overall analysis of Fig. 6.10 suggests that LES mean concentration from the three sources
were found to be within the range of field measurements and in good agreement with UDM
predictions. The large scatter of experimental mean concentration was due to short–time
variations of wind speed and direction (Kumar, Fennell, and Britter, 2008; Xie, 2011) which
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were not accounted in the LES and UDM models. Most of the experimental mean concen-
trations were visibly over–estimated in the far–field (i.e. (X− XS) > 2H) by LES and UDM,
nevertheless, the reduced size of source S2 compared to source S1 caused lower concentra-
tions in the near–field (i.e. (X− XS) ≤ 2H) and in the far–field, which slightly improved the
prediction of field measurements, mainly at (X−XS) = 4H. The second mesh configuration
with high resolution over the centreline and small source S3 improved further the prediction
of turbulence and dispersion leading to less overestimation of field measurements.
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Figure 6.10: Peak concentration comparison over the centreline at X − XS = 1H, 2H, 4H, 8H
between LES1 of source S1, LES2 of source S2 and LES3 of source S3 against
field measurements (OBS) and UDM.

6.4.1 Quantitative comparison

Dimensionless validation metrics (Chang and Hanna, 2004; Britter and Schatzmann, 2007;
Hertwig et al., 2018) were used to quantify the differences between LES and UDM models
against the field experiment. The mean peak concentrations of pollutant from LES1, LES2
and LES3 (Fig. 6.10) were compared against the average peak concentrations of field data
samples (Fig. 6.1) at a distance of 100m, 200m and 400m from the source. Similarly, the
average peak concentrations from the UDM model (Fig. 6.10) were compared against field
measurements over the same locations. Because the LES peak concentration was normalized
by the experimental concentration at a distance of 50m from the source, this location was not
included in the comparison.

The validation metrics used for the comparison were the factor of two of observations (FAC2),
the fractional bias (FB), the normalised root mean square error (NMSE), the geometric mean
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bias (MG) and the geometric variance (VG), defined by Britter and Schatzmann (2007) as
follows:

FAC2 =
Cp,EXP

Cp
(6.2)

FB = 2
(Cp − Cp,EXP)

(Cp + Cp,EXP)
(6.3)

NMSE =
(Cp − Cp,EXP)

2

(CpCp,EXP)
(6.4)

MG = exp(lnCp − lnCp,EXP) (6.5)

VG = exp((lnCp − lnCp,EXP)
2) (6.6)

where Cp,EXP is the average peak concentration of field data samples (target values) and Cp

is the average peak concentration from the evaluated model (LES and/or UDM).

The tables below list the validation metrics for the mean peak concentration of the UDM
model, LES1, LES2 and LES3 against the field data, which was assumed as the target values
at a distance of 100m (Table 6.2), 200m (Table 6.3) and 400m (Table 6.4) from the source.

Table 6.2: Validation metrics for the mean peak concentrations of UDM, LES1, LES2 and LES3
at 100m from the source. The target values are given for a perfect agreement with
the field data.

Model Cp FAC2 FB NMSE MG VG
Target value – 1.0 0.0 0.0 1.0 1.0
EXP 0.0076 – – – – –
UDM 0.0059 1.2851 -0.2496 0.0633 0.7781 1.0650
LES1 0.0068 1.1245 -0.1172 0.0138 0.8893 1.0139
LES2 0.0065 1.1777 -0.1632 0.0268 0.8491 1.0271
LES3 0.0061 1.2437 -0.2172 0.0478 0.8041 1.0487

Table 6.3: Validation metrics for the mean peak concentrations of UDM, LES1, LES2 and LES3
at 200m from the source. The target values are given for a perfect agreement with
the field data.

Model Cp FAC2 FB NMSE MG VG
Target value – 1.0 0.0 0.0 1.0 1.0
EXP 0.0016 – – – – –
UDM 0.0019 0.8324 0.1830 0.0338 1.2014 1.0342
LES1 0.0020 0.7868 0.2387 0.0578 1.2710 1.0592
LES2 0.0018 0.8775 0.1305 0.0171 1.1397 1.0172
LES3 0.0017 0.9364 0.0657 0.0043 1.0679 1.0043
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Table 6.4: Validation metrics for the mean peak concentrations of UDM, LES1, LES2 and LES3
at 400m from the source. The target values are given for a perfect agreement with
the field data.

Model Cp FAC2 FB NMSE MG VG
Target value – 1.0 0.0 0.0 1.0 1.0
EXP 0.00048 – – – – –
UDM 0.00059 0.8151 0.2037 0.0419 1.2268 1.0427
LES1 0.00057 0.8382 0.1761 0.0312 1.1931 1.0317
LES2 0.00059 0.8136 0.2056 0.0427 1.2291 1.0435
LES3 0.00056 0.8650 0.1447 0.0211 1.1560 1.0212

Acceptance criteria to assess good performance of urban dispersion models have been pro-
posed by Chang and Hanna (2004): FAC2 > 0.3, |FB| < 0.67, NMSE < 6, 0.7 < MG < 1.3
and VG < 1.6. These criteria are commonly applied to assess the model performance over
the entire extent of the plume (e.g. Hertwig et al., 2018), although such thresholds are
strongly case–specific and sensitive to the margin of errors of the investigated model.

All the validation metrics assessed in this study for the UDM and LES models satisfied the
criteria proposed by Chang and Hanna (2004) over the analysed locations. The three LES
cases performed better than UDM in each location except for 200m from the source where
UDM performed slightly better than LES1 only. Close to the source’s position (100m, Ta-
ble 6.2), surprisingly, the big size source of LES1 provided the best agreement with field
data, whereas LES2 performed better than LES3. However, plume dispersion near the source
may vary substantially for different source dimensions and local turbulence intensity. Fur-
thermore, LES peak concentration was normalized by the experimental peak concentration
at 50m from the source therefore, the model comparison at 100m may be less reliable than
further downstream.

At a distance of 200m from the source (Table 6.3), the effects of different source’s size be-
tween LES1, LES2 and LES3 were visible. LES3 provided the best model performance with
validation metrics, approaching the perfect agreement with target values. LES2 performed
slightly worse than LES3 but better than LES1 and UDM. Lastly, far from the source (400m,
Table 6.4) the three LES cases showed similar validation metrics with LES3 providing again
the best agreement with field data. LES2 performed better than LES1 but with worse valida-
tion metrics compared to those at 200m.

Overall, the model comparison by using validation metrics showed good performance of
both UDM and LES over the three analysed locations. LES performed systematically better
than UDM with best agreement at a distance of 200m from the source. Further downstream,
the LES performance of the three cases decreased although the criteria of good model per-
formance (Chang and Hanna, 2004) were still satisfied. LES of the small size source (LES3)
provided the best agreement with field data more frequently than LES1 and LES2.
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6.4.2 0◦N Wind direction

Guy and Herring (2016) compared UDM mean concentration with field measurements at a
height of 1.5m on arcs up to 400m downwind of the source. For example, Fig. 6.11 shows
a typical comparison between UDM and observations for the wind scenario 9 (Guy and
Herring, 2016), where the wind direction was−19◦N (0◦N is the X axis (Z = 0), the emission
Q = 92g/s and the wind speed U(Y = 2m) = 6.88m/s. The comparison was useful to define
regions of high concentrations near the source and the lateral size of the plume defined by
the lowest concentration values detected by the measurement instruments (i.e. 10−7).

Distance from the source (m)

Figure 6.11: UDM and field measurements of SO2 concentrations for wind scenario 9 (Guy
and Herring, 2016), at a height of 1.5m on arcs up to 400m downwind.

A similar comparison was produced for the 0◦N (CASE 6, Table 6.1) wind direction in
Fig. 6.2 by using LES predictions of radial mean concentration at a height of 1.5m on arcs
at 50m (Fig. 6.12a), 100m (Fig. 6.12b), 200m (Fig. 6.13a) and 400m (Fig. 6.13b) downwind
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of the source. UDM and experimental mean concentration were again normalized as in
Eq. 3.10 while LES mean concentration was normalized by the experimental peak value at
50m from the source. The comparison was used to determine the accuracy of LES predic-
tions of peak location, peak magnitude and lateral size of the plume against UDM and field
experiments.

Fig. 6.12a shows that at X = 50m from the source, LES radial mean concentrations from
source S1 and S2 agreed on the location of the concentration peak (0◦N) and the lateral size
of the plume. LES mean concentration from source S3 (LES3) agreed well with LES1 and
LES2 on the peak location but the lateral size of the plume was found to be slightly wider
and in better agreement with field measurements (OBS). This was mainly due to the high
mesh resolution over the source centreline. UDM mean concentration at X = 50m (Fig. 6.12a)
agreed with the three LES on the peak location but not on the lateral size, which was found to
be visibly wider than LES and field measurements on the left side of 0◦N. Compared to LES
and UDM, the peak concentration from the field measurements was found to be shifted by
few degrees on the right side of 0◦N, certainly due to short–time variation of wind direction
in the real field. However, the lateral size of the experimental plume was well predicted by
LES3.
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Figure 6.12: Radial mean concentration (Y = 1.5m) at X = 150m (a) and X = 200m (b) for
0◦N wind direction (Z = 0) of field measurements (OBS), UDM, LES of source
S1 (LES1), LES of source S2 (LES2) and LES of source S3 (LES3).

At X = 100m from the source (Fig. 6.12b), radial mean concentration from LES1, LES2 and
LES3 were found again in good agreement on the peak location and the lateral size of the
plume although, the plume of LES3 was again slightly wider. In this case, the peak mean
concentration of LES3 was found to be visibly lower than LES2, LES1 and UDM due to
more accurate prediction of dispersion and enhanced spreading from the small source S3.
The peak mean concentration from LES3 was found to be in better agreement with field
measurements compared to LES2 and LES1, which was over–estimated by UDM substan-
tially. However, the lateral size of the experimental plume was under–estimated by LES and
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maybe in better agreement with UDM if matched by the concentration peak at 0◦N.

At X = 200m from the source (Fig. 6.13a), LES mean concentrations from source S1, S2 and
S3 were found to be in good agreement on the location of the concentration peak. The LES
lateral size of the plume was found to be increased for decreased size of the source (from
LES1 to LES3) because of the enhanced scalar spreading due to source size differences in
the near–field. In fact, the peak concentration was found to be the lowest for LES3 and
the highest for LES1. Nevertheless, LES3 visibly over–predicted the field measurements
although it was in better agreement than LES1, LES2 and UDM. The latter over–predicted
the concentration peaks of both LES and field measurements quite significantly. Again, the
location of the experimental concentration peak was found to be shifted to 5◦N and the
lateral size of the plume was under–predicted by LES and UDM. It can be said with some
confidence that the effects of the variations to the mean wind speed and direction in the real
field were found to be relevant in the accurate prediction of scalar dispersion at X = 200m
from the source.
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Figure 6.13: Radial mean concentration (Y = 1.5m) at X = 300m (a) and X = 500m (b) for
0◦N wind direction of field measurements (OBS), UDM, LES of source S1 (LES1),
LES of source S2 (LES2) and LES of source S3 (LES3).

Lastly, at X = 400m from the source (Fig. 6.13b), the concentration peak, the peak location
and the lateral size of the plume were found to be similar for all LES cases. So that the
source size differences in the far–field were found to be negligible. UDM predicted the same
peak location of LES at 0◦N but with a greater peak value and a wider lateral size of the
plume. Both UDM and LES over–predicted the experimental peak concentration and under–
predicted the lateral size of the plume. Although LES showed a slight improvement in the
prediction of field measurements than UDM, the comparison in the far–field was found to
be inaccurate. The lateral spread of the plume in the real field was certainly enhanced by
short–time variation of wind direction so the experimental peak concentration was found to
be much lower than those from UDM and LES.
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Below, the normalized mean concentration C∗ from source S3 is shown over an horizontal
plane at the height of Y = 1.5m from the ground (Fig. 6.14) and over a vertical plane at
Z = 0m (Fig. 6.15). Fig. 6.14 suggests that at Y = 1.5m the maximum lateral size of the
plume was ∼ 50m at about 200m from the source’s location. At the same distance from the
source, the vertical size of the plume approached the maximum value of 10m. These plume’s
dispersion characteristics agree with our definition of near–field region within 200m from
the source and far–field region beyond, over the analysed rural geometry.

Figure 6.14: Normalized mean concentration C∗ of source S3 over an horizontal plane at the
height of Y = 1.5m from the ground.

Figure 6.15: Normalized mean concentration C∗ of source S3 over a vertical plane at Z = 0m.

6.4.3 10◦N Wind direction

The LES predictions of radial mean concentration at a height of 1.5m on arcs at 50m (Fig. 6.16a),
100m (Fig. 6.16b), 200m (Fig. 6.17a) and 400m (Fig. 6.17b) downwind of the source were
compared against UDM and experimental mean concentration for the 10◦N wind direction
(CASE 22, Table 6.1). To be noted that the comparison was made along the mean wind di-
rection (e.g. the centreline) so the previous LES case was used again for comparison. UDM
and experimental mean concentrations were again normalized as in Eq. 3.10 while LES mean
concentration was normalized by the experimental peak value at 50m from the source.
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Figure 6.16: Radial mean concentration (Y = 1.5m) at X = 150m (a) and X = 200m (b)
for 10◦N wind direction of field measurements (OBS), UDM, LES of source S1
(LES1), LES of source S2 (LES2) and LES of source S3 (LES3).

Fig. 6.16a shows that at X = 50m from the source, UDM and all LES predicted the experi-
mental peak location at 10◦N successfully. While the LES lateral size of the plume was found
in fair agreement with field measurements, UDM slightly over–predicted on the left side of
10◦N. Although LES of source S1 (LES1) and UDM modelled the same source size (d = 1m),
the former produced more accurate prediction than the latter.

At X = 100m from the source (Fig. 6.16b), UDM and all LES were found again in agreement
with the experimental peak location at 10◦N. The experimental peak value was predicted
slightly better by UDM than LES, whereas the lateral size of the plume was found to be
over–estimated by UDM and in good agreement with LES. Similarly to the previous case for
0◦N wind direction, the LES peak concentration was found to be the lowest for LES3 and
the highest for LES1 but in this case, LES of the big source S1 (LES1) was found in better
agreement with field measurements than LES2 and LES3. This confirmed that dispersion
predictions are sensitive to source size differences in the near–field.

Not surprisingly, the field measurements showed a rapid change of dispersion scenario at
X = 200m from the source (Fig. 6.17a). The experimental peak location was found shifted
by few degrees on the right side of 10◦N wind direction. The experimental peak value was
found in this location in better agreement with LES (in particular with LES3) than UDM. The
latter over–predicted the experimental peak value and the lateral size of the plume on both
sides of 10◦N. The lateral size of the experimental plume was found slightly over–predicted
also by LES. Again, this was due to the significant difference of source size between the LES
and the field experiment.

Lastly, at X = 400m from the source (Fig. 6.17b) the experimental peak location was found
shifted by 13◦N and the peak value in better agreement with UDM than LES. The lateral size
of the experimental plume was found to be visibly over–predicted by both LES and UDM,
although LES provided some improvements. The effects of different source size and mesh
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configuration between LES1, LES2 and LES3 were found to be very small in the far–field, in
fact the three LES cases showed similar predictions of peak location, magnitude and lateral
size of the plume.
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Figure 6.17: Radial mean concentration (Y = 1.5m) at X = 300m (a) and X = 500m (b)
for 10◦N wind direction of field measurements (OBS), UDM, LES of source S1
(LES1), LES of source S2 (LES2) and LES of source S3 (LES3).

Regardless of the above–described discrepancies, LES and UDM in the far–field were found
to be in better agreement with field measurements for the 10◦N wind direction compared to
0◦N wind direction (Sec. 6.4.2). This was due to the uncertainties and the short–time varia-
tions in the mean wind speed and direction in the real field which produced two different
dispersion scenarios (i.e. Fig. 6.13b and Fig. 6.17b), even for similar mean wind direction.
Therefore, it was concluded that uncertainties from mean wind speed and direction should
be taken into account in order to achieve a significant improvement in dispersion prediction
in the far–field.

6.5 Conclusions and discussion

LES with inflow turbulent conditions were used to simulate a field experiment of gas dis-
persion (Barad, 1956) in a rural environment under real wind conditions. This LES study
successfully validated a rough–wall function and assessed source size sensitivity on disper-
sion by using a very fine resolution down to 0.125m near the ground to simulate a full–scale
very–high Reynolds–number flow. LES radial mean concentration was compared against
the measurements and the predictions of the Urban Dispersion Model on arcs up to 400m
downwind of the source. It was found that LES performed similar to UDM but predicted the
lateral mean concentration from the field experiment better than UDM. The study showed
that dispersion was sensitive to the source size in the near–field only and that more accurate
predictions may be achieved by simulating the real–field source dimensions. Furthermore,
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it was found that field measurements were influenced by changes in the wind conditions
over the sampling period which caused large dispersion differences in the far–field. For ex-
ample, the experimental peak of mean concentration in the far–field was never aligned with
the mean wind direction. It was concluded that short–time variations of wind conditions
(i.e. direction and speed) should be included in the model in order to achieve more realistic
predictions of dispersion in a rural environment. As suggested by Xie (2011), wind mea-
surements should be filtered by using an integral time scale of approximately 1 minute and
the wind data should be processed as 60s and 30s averages to generate inflow conditions to
drive LES simulations.



7 Final Conclusions

This PhD research aimed to improve understandings of mechanism of turbulence and dis-
persion over a rural–to–urban transition region under different meteorological conditions.
The main achievement of this study was the development of a robust predictive tool which
proved high accuracy through extensive validation. This tool and the large amount of data
produced can be used for future applications such as model validations, dispersion/turbulence
analysis, and prediction studies over more complex geometries.

The first topic investigated during this study was the development of the Internal Boundary
Layer (IBL) formed at the leading edge of a regular array of cuboid buildings. For the first
time the depth and growth rate of the IBL were evaluated by analysing the vertical Reynolds
stress profiles in several streamwise positions. The proposed method (Sessa, Xie, and Her-
ring, 2018) was found to define the IBL interface more clearly than existing methods. The IBL
growth rate derived from the vertical stress method followed the power–law formula with a
similar coefficient a as that derived by Cheng and Castro (2002) in the near roughness tran-
sition region (X/y02 < 1000), but with a significantly lower exponent P = 0.21 compared
to P = 0.33 derived by Cheng and Castro (2002).It was emphasised that this was due to the
different characteristics of the roughness elements within a range X/y02 < 1000.

The following objective of this study was to prove whether or not the development of the
IBL affects ground–source dispersion. The impact of the interface between the internal and
the external boundary layers on point–source dispersion was analysed by studying vertical
and lateral profiles of dimensionless mean concentration and turbulent fluxes downstream
of the source. Distinct changes in vertical flux profiles appeared related to similar changes
in the vertical Reynolds stress leading to the plume’s upper edge differing visibly from that
obtained by using inlet–outlet periodic conditions. It was concluded that the presence of the
interface between the internal and the external boundary layers constrains vertical spread-
ing, and so leads to trapping of the pollutant.

Because of the difficulties of studying non–neutral conditions in the laboratory and the field,
atmospheric stratification is usually neglected and there are many uncertainties on quan-
tifying its effects. This research advanced from the current knowledge by analysing IBL
mutations due to different incoming turbulence and thermal stratification. The effects of IBL
mutations on ground–source dispersion were then quantified.

The LES model was thus developed to account for various levels of weakly stable stratifi-
cation (0 ≤ Ri ≤ 1). For the first time the synthetic generation of turbulence and tempera-
ture fluctuations was assessed and used to model a developing weakly stable atmospheric
boundary layer.

129
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The successful validation against wind tunnel measurements suggested that the developed
synthetic inflow generation method embedded in LES was able to accurately predict mean
velocities, turbulent stresses, mean concentration and variance of concentration fluctuations
from a ground–level line source over a rough–to–very–rough transition region. To assess the
potential impact of the non–negligible errors of measuring the ground temperature upstream
of the change in roughness in the experiments, a numerical sensitivity test was performed
on the incoming temperature near the ground. It was found that the differences in incoming
heat flux due to small changes of ground temperature were negligible and unable to affect
turbulence and dispersion downstream of the change in roughness.

The depth of the IBL generated at the transition between the rough surface and the very
rough surface was evaluated for different stratification conditions (i.e. 0 ≤ Ri ≤ 1) by
using the method developed in Sessa, Xie, and Herring (2018). It was found that the local
vertical temperature gradient was greater within the IBL than in the external boundary layer,
leading to a more pronounced step–change of normal Reynolds stress and shallower IBL as
the thermal stratification increased. Moreover, the IBL height was found to be reduced as
the TKE level of the approaching flow was reduced, suggesting that a boundary layer with
less turbulence intensity is more sensitive to the effect of local thermal stratification over an
urban area.

Because of the suppression of the turbulence in the IBL, the vertical transport of pollu-
tant above the canopy decreased as the thermal stratification increased. This led to larger
volume–averaged concentrations within streets with increasing stratification. If the TKE in
the approaching boundary layer was reduced while maintaining the same level of thermal
stratification, the effect on the total scalar fluxes within and above the canopy, and on the
volume–averaged mean concentration within lateral streets was greater.

The last topic of this research focussed on the effects of wind direction on pollutant dis-
persion for different thermal stratification conditions. The predictive capabilities of the de-
veloped numerical model were finally assessed against the widely–used urban dispersion
model (UDM) and a real–field experiment.

The LES study of wind direction effects showed that the mean wind direction inclined to a
different angle from the main streets of the urban array enhanced the turbulence within the
canopy, leading to increased vertical transport of pollutant above the canopy and reduced
concentration levels below. It was found that the volume–averaged concentration below the
canopy was almost insensitive to small variations of wind direction (i.e. 15◦). In contrast, the
comparison between LES of 45◦ against 0◦ showed the volume–averaged concentration to be
drastically reduced (about 40%) so that the natural ventilation below the canopy was greatly
improved for the non–zero wind direction, even in weakly stratified thermal conditions. The
effects of wind direction on turbulence and dispersion were found to be dominant over the
effects of weak stable stratification. Compared to previous studies, the amount of pollutant
removed from the urban canopy layer was quantified at any distance from the source and in
neutral and weakly stable stratification conditions.
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The numerical simulations of a real–field experiment of gas dispersion required additional
model developments. This LES study successfully validated a rough–wall function and used
a full–scale fine resolution down to 0.125m near the ground to assess source size differences
for a very high Reynolds–number flow. Measurements of mean concentration under real
wind conditions were compared against the results of the LES model and the predictions of
the UDM model (Guy and Herring, 2016). LES performed similar to UDM for the location
and magnitude of the peak mean concentration but better for the prediction of the lateral
mean concentration from the field experiment. The study confirmed the dominant influence
of wind direction on pollution dispersion and highlighted that changes over the sampling
period may cause large dispersion differences, even in the far–field of a rural environment.

7.1 Future works

During this research it was not possible to address all the emerging questions. Hence, some
ideas and suggestions for future work are outlined in this sections.

To achieve more accurate CFD predictions for real urban scenarios, future works should
firstly use the capability developed during this work to generate predictions which can be
compared with experimental data from arrays which include building height and shape vari-
ations.

Under low–speed wind conditions, local thermal effects from the building walls might be
non–negligible on pollutant dispersion at the street scale region. Therefore, more accurate
boundary conditions should be used for the building walls and additional atmospheric pa-
rameters (i.e. incident solar radiation) should be considered. For example, a solar shading
analysis should be conducted on the wall boundaries and heat flux should be set on those
boundaries according to the ratio of direct fraction.

Lastly, real wind flows are hardly constant in direction and magnitude and our last study
showed that dispersion mechanisms in the real field are greatly sensitive to small wind vari-
ations. In order to further improve CFD predictions of real wind scenarios, short–time varia-
tions of wind direction and magnitude are to be included in the developed inflow turbulent
method. For example, Xie (2011) suggested to filter wind measurements by using an inte-
gral time scale of approximately 1 minute and to process the wind data as 60sec and 30sec
averages to generate inflow conditions to drive LES simulations. Furthermore, it would be
interesting to use the proposed method (Sessa, Xie, and Herring, 2018) to analyse the devel-
opment of the IBL for different wind directions and its effect on dispersion from a ground–
level line source.
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