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sufficient data contained in the two views to obtain the out-of-plane motion of the
particles, such that all three directions can be measured (Tropea et al., 2007). Fig. 8
presents a schematic of a typical SPIV setup. Although, SPIV measurements yield all
three velocity components the accuracy of the third component is often less than that of
the other two. Despite that, if out of plane motion is small relative to the in-plane
components the accuracy of the results increases (Adrian, 2005). For example, an outer

plane velocity of 0.15 m/s was found to have an error of 2.7% (Fei and Merzkirch, 2004).

Figure 8: Standard Stereo-PIV setup (Adapted from Bossard et al., 2009).

The experiments in the present work were conducted at the LHEEA atmospheric
boundary layer wind tunnel in Nantes, France (a detailed description of the experimental
setup can be found in Chapter 2). A simplified street canyon model is studied in the
present work. The aspect ratio (AR = W / h) of the street canyon is defined as being the
ratio between the streamwise width of the canyon (/). and the height of the canyon (/).
A large canyon AR (1.5 < AR < 3) results in a wake-interference flow and a small AR
(AR < 1.5) results in a skimming flow regime. Finally, a street canyon with AR > 3 results

in an isolated-roughness flow, Oke, 1988 (refer to Fig. 5 for a diagram of the different
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flow regimes). The planform packing density (4,) is defined as being the ratio between
the total plan area (44) and the totals plan area of the obstacles (4,). Fig. 8 provides an
example of modelling urban environments in wind tunnels and Fig. 9 presents the
upstream roughness arrays used in wind tunnel experiments. Full-scale field experiments
have been conducted, using experimental techniques such as sonic anemometers
(Blackman et al., 2015b) however, due to the random nature of the wind, it is often
difficult to obtain the desired flow regime. The advantage of wind tunnel experiments is
that the upstream boundary layer can be controlled. For example, the wind direction and
velocity can be fixed. In wind tunnel experiments model scaling is an important factor
which is often overlooked. The physics occurring within the canyon are highly sensitive
to the approaching boundary layer but, unfortunately, many street canyon flow wind
tunnel experiments have not been representative of full-scale boundary layers found in
the atmosphere. The non-dimensional parameters of L, / & and z, / h between the wind
tunnel model and full-scale should be matched between 2-3 to guarantee that the terrain is

the same for both cases (Savory et al., 2013).

Wind Tunnel Model
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Figure 9: The experimental modelling of an urban street canyon.
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Figure 10: Upstream roughness arrays a) two-dimensional rectangular bars. b)
three-dimensional staggered cube roughness

1.6 Motivation

A knowledge gap exists, in that there is information missing on the spanwise structure of
the turbulence in street canyon flows. The spanwise structure of the flow is important to
understand the mechanisms between the lower-atmosphere and the street canyon flow.
There is an abundance of information about how the flow behaves in the vertical
direction in street canyon flows. To the best of the present author’s knowledge there has
not been a systematic study of the flow in a horizontal plane at canyon rooftop level.
Conducting measurements in a horizontal plane near roof level allows us to gain valuable
experimental data that can be used to validate unsteady numerical simulations, for
example their ability to correctly reproduce the statistical features of the instantaneous
coherent structures responsible for the transport of a large fraction of the momentum. The
reasoning behind the location of the measurement plane is that the interactions between

the shear layer and the large-scales above in the boundary layer take place near roof level.
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Hence, a large amount of fluid exchange between the canyon and the boundary layer

above takes place here, making this region of great interest.

1.7 Objectives of the thesis

The present work will investigate the effect of roughness and canyon aspect ratio on the
mean turbulent statistics, integral length scales, sweep/ejection events and turbulent

structures in a simplified street canyon flow. The main objectives of this thesis are:

a) To strengthen the understanding of the 3D flow behaviour in a street canyon
by characterizing the spanwise turbulence at roof-level, by investigating the
effect of roughness and canyon aspect ratio on the mean turbulence statistics

and integral length-scales.

b) To explore the flow structures and mechanisms of the turbulent momentum
transport and to investigate the interaction between the small-scales of
turbulence generated by the roughness and the large-scales present in the

boundary layer above.

1.8 Scope of the thesis

In the present work six experimental configurations were studied: two canyons with three
upstream roughness configurations. The aspect ratios of the two street canyons, with AR
=1 and 3, are denoted as C1h and C3h, respectively. The upstream roughness conditions
consisted of a staggered cubical array (4, = 25%, denoted as Rcu) or 2D square cross
section rectangular bars with a spacing of 14 or 34 (4, = 25% and A, = 50%, denoted as
R1h and R3h, respectively). For example, a configuration consisting of a street canyon
with of AR = 1 and a 3D staggered cube upstream roughness would be denoted as
C1hRCu. The height of the cubes and 2D bars was also 50 mm. Stereoscopic PIV
measurements were conducted in the horizontal plane located at a height of 0.90 +/-

0.054 and aligned with the free stream flow. A pitot-static tube located at x =15 m, y =0
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m, z = 1.5 m was used to measure the dynamic pressure from which the velocity was set
to be U, = 5.9 ms™, in all the experiments, giving a Reynolds number of 1.9 x 10", based
on this velocity and the canyon height, # (Blackman et al., 2015). All experiments were
conducted with the flow being perpendicular to the spanwise axis of the street canyon,

this being only flow direction studied.

1.9 Organization of the thesis

The following chapters are comprised of two articles which introduce and discuss the
research conducted. The first article (Ch. 2) is an investigation of the spanwise variation
of roof-level turbulence in a street canyon flow. To achieve, this simplified wind tunnel
models were used to study the turbulent statistics for a range of configurations. The
second article (Ch. 3) is an examination of the spanwise quadrant events in a street
canyon flow, where various analysis techniques were used to study the large- and small-
scales of the turbulence. The final section (Ch. 4) draws conclusions from the present
work, provides suggestions for future work and discusses the insights that the current
research conveys into further understanding of the fluid mechanic mechanisms of

ventilation in street canyon flows.

1.10 Summary

The present chapter provided a general literature review explaining street canyon flows.
The experimental methodology used in this field was summarized, including the
techniques used in the present work. Finally, the objectives and the purpose of this thesis

were explained.

Air quality in urban environments is an important issue in present times (WHO, 2014).
Thus, it is of great importance to understand physical processes that govern the dynamic
transport of air and pollutants in an urban environment. In street canyon flows the

oncoming boundary is generated by an upstream array of roughness elements and how
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this boundary layer interacts with the street canyon is the broad focus of this work.
Quadrant analysis can be used to identify sweep and ejection events (denoted as Q4 and
Q2, respectively), these events are responsible for the exchange of pollutants between the
street canyon and the oncoming boundary layer. When the oncoming boundary layer
interacts with the street canyon, a shear layer is generated. The flapping shear layer
generated by vortex shedding correlates with sweep and ejection events. The shear layer
region is where the exchange of fluid and pollutants between the canyon and the
atmospheric boundary layer occurs. The large-scale structures present in the boundary
layer interact with the shear layer, which, in turn, governs the pollutant transport in the

street canyon.

In the next chapter, the effect of upstream roughness and canyon AR on the mean
turbulent statistics, two-point correlations and integral length scales at roof-level in a

street canyon flow will be presented.
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Chapter 2

The spanwise variation of roof-level
turbulence in a street canyon flow

The present chapter investigates the effect of upstream roughness and canyon width on
turbulent street canyon flow. Measurements in a horizontal plane were conducted at near
roof-level of a street canyon using Particle Image Velocimetry in a wind tunnel. Three
upstream roughness arrays and two canyon width (/) to height (%) aspect ratios (AR = W
/ h =1 and 3) were investigated. The arrays consisted of three-dimensional (3D) cubes

(plan area density, 4, = 25%), 1/ spaced two-dimensional (2D) bars (skimming flow, 4,
= 50%) and 3h spaced 2D bars (wake interference flow, A4, = 25). Understanding the

spanwise structure of the flow and how it interacts with large scale structures is necessary
to reliably predict the mean pollutant transport in the lateral direction along the canyon
and to further develop our knowledge on the 3D behaviour of turbulent street canyon
flows. However, to the author’s knowledge there has not previously been a systematic
study of the flow in a horizontal plane at canyon rooftop level. The mean turbulent
statistics are presented, whilst two-point correlations and integral length scales are
computed for the different configurations. The results show a significant effect of
upstream roughness on these quantities. The total turbulent kinetic energy and shear

stress are found to be highest for the wake interference flow regimes and lowest for the
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skimming flow regimes. It is found that the 3D upstream roughness configurations result
in a significantly weaker correlation in the spanwise direction at canyon roof level. A
similar trend is observed in the spanwise integral length scales. The shear layer thickness
is found to be related to the magnitude of the correlations near roof-level of the street

canyon.

2.1 Introduction

Air quality in urban environments is a critical issue in contemporary times with the
resulting socioeconomic implications being of great concern. Pollution in the Earth’s
atmosphere leads to human death, disease and harm to our natural resources (World
Health Organization, 2014). Understanding the urban climate is challenging due to the
high geometrical complexity of built areas and the existence of numerous interacting
thermodynamic processes where the wind field and turbulence play a crucial role in
determining the instantaneous dynamics of the flow. In particular, the high Reynolds
number atmospheric flow combined with the geometric complexity of the urban canopy
present strong multi-scale characteristics, both spatially and temporally. Understanding
the spatial structure of such a flow is, therefore, important, particularly if one aims to
investigate unsteady phenomena such as an accidental release of pollutant or flow-state

prediction from a limited number of sensors.

The rectangular street canyon model is a simplified representation of many urban street
configurations and the effects of canyon aspect ratio AR (streamwise width W / canyon
height #) and upstream roughness on street canyon flow has been well studied.
Grimmond and Oke (1999) defined three flow regimes in urban environments; skimming
flow, wake interference flow and isolated roughness flow. They found that the plan area
packing density (the ratio of plan area of the roughness obstacles to the total plan area,
denoted as 4,) of the upstream roughness and whether it was 2D or 3D had an impact on
the flow within the canyon. Experimental wind tunnel studies on street canyons
frequently use Particle Image Velocity (PIV) to measure the flow field, and mostly

conduct measurements in a single vertical plane, see Salizzoni et al. (2011), Savory et al.
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(2013) and Blackman et al. (2015) When studying this configuration in a wind tunnel,
Savory et al. (2013) noted that it is crucial to match the roughness length (zy) and the
integral length scale (L,,) within factors of two to three to ensure that full and model
scales are matched properly. It was also noted that the geometry of the upstream
roughness significantly affects the structure of the oncoming boundary layer, where 3D
roughness is found to generate 3D turbulent structures that resemble those in a more
realistic boundary layer found in an urban environment. Suggestions by Savory et al.
(2013) have been employed in the present work. The effect of roughness and canyon
geometry on the mean turbulent statistics and structures in the spanwise direction is
essential to understanding local instantaneous pollutant transfer between street canyons
and the overlying atmospheric boundary layer. The main objective of the present study is
to investigate the streamwise and spanwise statistical flow structure in a horizontal plane

located near roof-level, where this exchange takes place.

The upstream roughness significantly affects one-point statistics within and above the
street canyon. Blackman et al. (2015) found a significant effect of 4, on the mean
streamwise velocity, shear stress, turbulence intensity and integral length scales, based on
vertical profiles. It was found that the mean streamwise velocity immediately above the
canyon for, configurations of the same 2,,, is higher for the 3D upstream roughness than
the 2D roughness and that the spatially averaged shear stress is lower in 3D than 2D
configurations. Blackman et al. (2015) also found that the integral length scale was larger
for the 2D case than the 3D case when A, Was the same and that decreased ventilation was
found to occur in the skimming flow regime. Cheng et al. (2007) showed that the shear
stress is dependent on /, for aligned upstream roughness cases and not significantly
dependent on 4, above the height of the roughness elements. However, Kanda et al.
(2004) found that turbulent statistics were affected by /, inside and near the roughness
and shear layer. Salizzoni et al. (2011) found that the characteristics of the oncoming
boundary layer influence the turbulent flow statistics in the street canyon, with the shear
stress being dependent on 4. The effect of the roughness on the shear stress was observed
within the street canyon and persisted up to a height of 54. They concluded that turbulent

transfer was due to the coupling of the overlying boundary layer and shear layer and that
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the structure of the external flow influences that of the canyon flow. They also noted that
the turbulent structures and turbulence intensity found in the wake interference regime
were larger than in the skimming flow regime above the roughness elements. Marciotto
and Fisch (2013) found that canyons with a higher value of 4R had a higher shear stress,
which was previously noted by Salizzoni et al. (2011).

Canyon geometry and the upstream roughness influence the turbulent structures in the
flow that, in turn, relate to pollutant transport. Nosek et al. (2017) found that pollutant
transport strongly depends on the roof arrangement. It was found that the higher the
upstream wall of the street canyon the greater the pollutant removed through the canyon.
Finally, Nosek et al. (2017) also found that lateral coherent structures correlate with the
lateral ventilation process. Blackman et al. (2015) found that the thickness of the shear
layer is affected by the AR of the canyon and the upstream roughness. Perret and Savory
(2013) showed that unsteady fluid exchanges between the canyon and the outer flow are
governed by the shear layer. Using Proper Orthogonal Decomposition (POD), they
showed a nonlinear interaction between the large-scale structures in the atmospheric
boundary layer and the street canyon. Blackman et al. (2018) found that there is an
influence of upstream roughness geometry and A, on the non-linear interactions between
large-scale momentum regions and the small-scales generated by the roughness, with the
non-linear relationship for the wake interference flow regime being significantly different

from the skimming flow regime.

Turbulence is a 3D phenomenon and, thus, to understand turbulent street canyon flow
properly one must investigate how the flow behaves in both the spanwise (y) direction
and the vertical (z) direction. Studies by Watanabe (2004), Raupach et al. (1996) and
Shaw et al. (1995) were conducted for vegetation canopies. Shaw et al. (1995) conducted
a wind tunnel study of air flow over waving wheat. Two-point, space-time correlations of
streamwise (x) and vertical velocity components were computed from the wind tunnel
simulation of an atmospheric boundary layer, with the wheat canopy model constructed
of flexible nylon stalks. It was concluded that it was not appropriate to apply the Taylor
hypothesis of frozen turbulence in the region of the canopy and, therefore, the integral

length scales were computed directly from two-point statistics. It was also found that the
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lateral integral length scales were smaller than those computed in the streamwise
direction by factors ranging from 1.9 to 4.2. Raupach et al. (1996) stated that the
approach of applying the Taylor hypothesis is fraught with difficulty as high turbulence
intensities (u'/U > 1, where u'= U — U is the fluctuating velocity) are present within
the canopy. Raupach et al. (1996) conducted two-point correlations of various model and
field canopies in the x-z and y-z planes. In the x-z plane the streamwise fluctuating
velocity correlation produced nearly elliptical stretched correlation contours, with a tilt
angle of approximately 18 degrees, an effect that was reported to diminish within the
canopy. Shaw et al. (1995) suggested that this more rapid reduction of correlation within
the canopy is due to the creation of small scale motions and the breakdown of large scale
flow by canopy elements. In contrast, the correlation of the vertical fluctuating velocity
revealed nearly circular correlation contours and was found to decay much more rapidly
with spatial separation. The correlations in the y-z plane produced contours which were
nearly circular for both the streamwise and vertical fluctuating velocities. Raupach et al.
(1996) concluded that, in a time-averaged sense, fluid motions near the top of the canopy
are well correlated over length scales of the order of the height of the canopy, 4. It was
also suggested that zones where the sign of the correlation reverses could be a direct
consequence of the formation of dominant flow structures, Shaw et al. (1995). In a field
experiment Inagaki et al. (2009) conducted multi-point measurements (3D velocities and
temperatures) in a cubical array using multiple sonic anemometers aligned at equal
heights in the streamwise and spanwise directions. Using two-point correlations, they
reported that the correlation of the fluctuating streamwise velocity (u') was higher along
the streamwise direction than for an equal magnitude of spanwise separation. The result
was attributed to the existence of coherent structures elongated along the streamwise
direction and it was postulated that the coherent structure of u' is geometrically similar

irrespective of the type of roughness.

Takimoto et al. (2013) used PIV to study the turbulent flow fields in horizontal cross-
sections of a smooth wall and above the roughness elements of a variety of rough walls.
The size of the turbulent structures was quantified using a two-point correlation method.

They found that the length and shape of large-scale structures were highly correlated with
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the velocity gradient for each measurement height. Small-scale structures demonstrated
weak dependency on the velocity gradient. From snapshots of instantaneous flow fields,
they found differences in small scale structures from case-to-case. Structures of organized
motions were reported to resemble each other, agreeing with the two-point correlations.
The findings from Takimoto et al. (2013) show that it is useful to understand how the
flow behaves in the spanwise direction as large scale turbulent organized structures were
found to be related to the vertical velocity gradient and boundary layer thickness, while
small-scale structures had a weak dependency on the vertical velocity gradient and
boundary layer thickness. Takimoto et al. (2011) suggested that flushing motions
(characterized by a large-scale upward motion) are correlated with large-scale low
momentum regions passing over the canopy, spanwise information about the flow can
also provide insight on the spanwise structure of these flushing events. Michioka et al.
(2014) conducted Large Eddy Simulations (LES) of multiple 3D urban array
configurations. They found, when studying 3D arrays for smaller lateral aspect ratio
(LAR, defined to be the building length to height ratio) configurations that the
contribution of turbulent mass flux to net mass flux at roof level was closer to unity than
for larger lateral aspect ratio configurations, indicating that pollutant removal near
canyon roof level is mainly driven by turbulent motions. Increasing the LAR caused the
relative contribution of turbulent mass flux to net mass flux to decrease. However, for an
infinite LAR street canyon (i.e. a 2D street canyon) the relative contribution reached
unity due to lowered lateral flow convergence. Volino et al. (2009) analysed the structure
of turbulence in a boundary layer with 2D roughness (which consisted of evenly spaced
rectangular bars), and they were able make definitive conclusions regarding correlations
and integral length scales. They found that the streamwise extent of the vertical
fluctuating velocity correlation is considerably less than that of the fluctuating
streamwise velocity correlation. This was explained by the fact that the streamwise
correlation is related to the convection velocity of hairpin packets in the boundary layer.
The streamwise to spanwise ratio of the integral length scales for the vertical velocity
component (Lyy,x / Ly, using the conventions in this work where L, would be the
streamwise integral length scale of the vertical turbulent velocity) was found to be 0.8 for

smooth and 3D rough walls. It was found that in the outer layer the streamwise and wall-
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normal length scales are essentially equal for smooth and 3D rough wall flows and an

average of 35% and 40% larger for 2D rough walls for L, and L,,,,, respectively.

Understanding the 3D urban wind dynamics will assist in developing a model for
predicting pollutant transport and air quality in the urban environment. Experimental
results can be used to validate unsteady numerical simulations, for example their ability
to correctly reproduce the statistical features of the instantaneous coherent structures

responsible for the transport of a large fraction of the momentum.

The spanwise structure of the flow is important to understand the mechanisms between
the lower-atmosphere and the street canyon flow. As mentioned above, there is an
abundance of information about how the flow behaves in the vertical direction in street
canyon flows. What lacks is information in the spanwise direction. To the best of the
present author’s knowledge there has not been a systematic study of the flow in a
horizontal plane at canyon rooftop level. The effect of the upstream roughness and
canyon geometry on the mean turbulent statistics near roof-level in the horizontal plane is

investigated in this work. The questions to be addressed in the present study are:

a) What is the impact of 2D versus 3D arrays and A, on the time-averaged mean
turbulent statistics in a horizontal plane near roof-level of a canyon?

b) What is the impact of 2D versus 3D arrays and A, on two-point correlations and
integral length scales in the streamwise and spanwise directions in a horizontal
plane near roof-level of a canyon?

c¢) What ae the implications on the time-averaged mean structure of the flow at this

location of the street canyon?

The objective is to establish how the oncoming boundary layer flow interacts with the
street canyon over a range of configurations. The flow is investigated in the spanwise
direction to complement Blackman et al. (2015), who characterized the vertical plane.
The correlations and scales of turbulence will also be investigated to further understand
the dynamics of the flow and structure of turbulence in the spanwise direction. The
present results provide a clearer picture on the nature of 3D turbulent flow in street

canyons. Section 2.2 outlines the experimental setup and details used in the present work.
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Afterwards, Sect. 2.3 presents the results and discussion, which demonstrate the effects of
canyon AR value and upstream roughness on the mean turbulent statistics, two-point
correlations and integral length scales. Finally, this section is followed by a summary and

conclusions.

2.2 Experimental details

The experiments were conducted in the low-speed, suck-down boundary layer wind
tunnel in the Laboratoire de recherché en Hydrodynamique, Energétique et
Environnement Atmosphérique at Ecole Centrale de Nantes, France. The Boundary layer
development was initiated by five 800 mm high vertical tapered spires located
immediately downstream of the contraction and a 200 mm high solid fence across the
working section positioned 750 mm downstream of the spires. After the spires a 13 m
fetch of staggered cubes was employed, followed by staggered cubes, 14 or 34 spaced
bars. The street canyon flow measurements were taken 5.5 m downstream of this initial
development region. The dimensions of the wind tunnel working section were 2 m
(width) X2 m (height) X 24 m (length) and the wind tunnel had a 5:1 ratio inlet
contraction. The change of roughness from staggered cubes to 14 or 34 bars was found to
be negligible and the development of the internal boundary layer was found to reach
equilibrium by the measurement region (Blackman et al., 2015). Two canyon aspect
ratios were studied for three upstream roughness conditions. The street canyon was
constructed using two square cross section rectangular bars with a height of 50 mm (%)
and a lateral length of 1500 mm (L/2 = 30). Savory et al. (2013) demonstrated that the
centre-line mean flow profiles were independent of the canyon length when L/h > 9. Six
flow conditions were studied: two canyons with three upstream roughness configurations.
Street canyons of AR = 1 and 3 are denoted as C1h and C3h, respectively. The upstream
roughness conditions consisted of a staggered cubical array (4, = 25%, denoted as RCu)
or 2D square cross section rectangular bars with a spacing of 14 or 34 (4, = 25% and 4,
= 50%, denoted as R1h and R3h, respectively). For example, a configuration consisting

of a street canyon with of 4R = 1 and a 3D staggered cube upstream roughness would be
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denoted as C1hRCu. The height of the cubes and 2D bars was also 50 mm. It should be
noted that the experimental conditions in this present work are the same as in Blackman

et al. (2015, 2018). A schematic of the experimental setup can be found in Fig. 11.
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Figure 11: Stereoscopic PIV set-up (left), top view of PIV set-up (right). where o
denotes the reference point is located at (x =0, y = 0, z = 0.9h), wind tunnel set-up

(bottom).

Stereoscopic PIV measurements were conducted in the horizontal plane located at a
height of 0.90 +/- 0.05/ and aligned with the free stream flow. This height was verified
by comparing turbulent statistics to those from Blackman et al. (2015) which consisted of
measurements in the vertical plane (see Sect. 2.3.1). The PIV setup was located beneath
the wind tunnel floor and images were taken through a glass floor. The final spatial

resolution of the vector fields was 1.6 mm (0.032/) in both x and y directions, and a
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temporal sampling frequency of 7 Hz was used. The fields of view were 14 X 6k and 34
X 6h for the 14 and 34 canyons, respectively. A Litron double cavity 2 X 200 mJ Nd-Yag
laser was used to illuminate the measurement region. The flow was seeded with
glycol/water droplets (average diameter of 1 um) via a fog generator. DANTEC Dynamic
Studio software was used to synchronize the camera and laser, as well as for the
calculation of the PIV vector fields. A FFT two-component PIV algorithm with sub-pixel
refinement was used in the vector field computations. An iterative cross-correlation
analysis was performed which consisted of an initial window size of 64 X 64 pixels with
a final interrogation window of 32 X 32 pixels and the overlap of the analysis window
was 50%. A pulse interval of 500 pus was used in the computation of the velocity vector
fields. The uncertainty in the measurements was approximated by the maximum standard
deviation of the PIV statistics due to statistical error. They were estimated by assuming
Gaussian velocity distributions and normalized by the corresponding local statistic. They
were found to be 0.86%, 1.41% and 3.92% for the mean velocity, standard deviation and
turbulent shear stress, respectively. The statistical error was computed using 2551
independent samples (out of 10000 samples recorded) where independent samples is the
number of samples that are separated by a of period two times the integral time scale.
Refer to Appendix-C for further details on the error analysis. A pitot-static tube located at
x=15m,y=0m, z= 1.5 m was used to measure the dynamic pressure from which the
velocity was set to be U, = 5.9 ms™, this velocity was used for all the experiments in this
present work giving a Reynolds number of 1.9 x 10”, based on this velocity, and canyon
height, 4 (Blackman et al., 2015). A summary of the configurations can be found in Table

1. The oncoming boundary layer conditions are presented in Table 2.

In the present work, the instantaneous velocities in the x, y and z directions are the
steamwise (U), spanwise (V) and vertical (W) components, respectively. Time averaging
is denoted by an overbar, the time-averaged mean velocity, U, is defined as

U = U(t) — u'(t)based on the Reynolds decomposition, U(t) denotes the instantaneous

velocity and u'(t) the velocity fluctuation from the mean. The standard deviation is

defined as o,= ’( U(t) —U)?. The 3D turbulent kinetic energy is defined as
TKE=0.5(0% + 0% + 02).



