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nocení jejich dopadu na ventilaci znečištění jsou použity metody jako Kvadrantová, Fourierova
a Waveletová analýza, POD a metody pro detekci jader vírů. Identifikovali jsem dvě skupiny
koheretních sruktur: velké, kompaktní oblasti "sweep" a "ejection" srovnatelné s velikostí bu-
dov a malé víry vznikající ve smykové vrstvě za střechou budovy. POD umožnila extrahovat
dominantní, vysoce koherentní módy z proudění a určit relativní příspěvek každého módu k
celkové turbulentní energii. Pečlivě jsme prověřili správnost fyzikálního významu těchto módů.
Waveletová analýza POD koeficientů pomohla odhalit mechanismy zodpovědné za vznik módů.
POD byla aplikována také na pole vorticity. Spojitost mezi vorticitou a ostatními metodami
pro detekci jader vírů byla stanovena na závěr.
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Abstract: Turbulent flow inside a street canyon was investigated in an open circuit wind tun-
nel and in a blow-down wind channel. Two geometries were used for comparison purposes:
buildings with pitched roofs and with flat roofs. Both generate the flow of a different cate-
gory, so the induced ventilation regimes are fundamentally different. Quadrant, Fourier and
Wavelet analysis, Proper Orthogonal Decomposition (POD) and vortex detection methods are
used to identify coherent structures in the flow and establish their impact on the ventilation
of pollution. Two types of the organised motions are detected: the compact areas of sweep
and ejection with the scale comparable to the size of building and the small vortices generated
in the shear layer behind the building roof. POD identifies the most dominant modes with
high coherency in the flow and evaluates the relative contributions of each mode to the overall
kinetic energy of turbulence. Rigorous analysis of the correctness of the physical interpreta-
tion for such a decomposition is carried out. Wavelet analysis is applied to the time-series of
the POD expansion coefficients in order to reveal control mechanism of the dynamics of the
modes. Vorticity, calculated from the original velocity data, is decomposed by POD as well.
Finally, the correlation between the vorticity and other methods for vortex detection is assessed.
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Chapter 1

Introduction

Outdoor air pollution has become a serious issue concerning the human health and the quality of
life in cities. With an increasing population, the number of pollution sources and the building
density in the built-up areas increase proportionally. Thanks to the European air pollution
policies, most stationary sources of air pollution have been removed from the urban areas or
have been strictly regulated. Thus, the non-regulated mobile sources have become the dominant
contributors to the pollution-related problem.

The pollution is expected to be naturally dispersed by wind. Since buildings act as a
windbreak, the wind in the cities is significantly reduced. The strong attenuation of the wind
can be observed especially in a narrow street canyon perpendicular to the prevailing wind or in
a parking lot in a closed courtyard.

In addition, the vehicles emit the pollutants directly into the breathing zone of the citizens.
A densely built-up area in combination with a densely populated street canyon with intensive
traffic is therefore the best candidate for an extremely poor environment.

Many wind-tunnel studies have dealt with the street canyon flow. The dynamics of the wind
inside the street canyon is very complex. Although the problem of the street canyon geometry
can be reduced to a simple rectangular shape, the intermittent character of the incident wind
produces an unsteady response from the cavity flow and the dispersion process becomes difficult
to predict.

To complicate things further, there is not a straight relationship between the flow dynamics
and a concentration transport. The research on the coupling of the momentum and concentra-
tion fluxes is currently ongoing and there are no definitive conclusions available yet.

Moreover, the ventilation process is extremely sensitive to the geometry of the street build-
ings. For example, the wind-tunnel experiments of Barlow & Leitl (2007) and Pascheke et al.
(2008) showed that even slightly different geometries of the street canyon (due to the differ-
ences in the roof shapes) can produce a dramatically different flow dynamics. The pitched
roofs seem to induce a violent, disturbed flow with an intensive vortex penetration into the
canyon. These perturbations sometimes distort the typical recirculating vortex that causes the
weak but permanent ventilation of the exhaust gases out from the cavity. As a consequence, a
temporal accumulation of the pollutants occurs at the bottom, whereas the upper part of the
street canyon is well-ventilated.

The permanent ventilation is so weak that these intermittent disturbances actually improve
the air quality in the streets from the long-term point of view. However, more studies of the
ventilation mechanism are needed.

To address the problem of intermittency, an extensive research on the turbulent flow was
done in recent five decades. The discovery of an organised motion in the flow changed the whole
perception of turbulence as a random and chaotic process. From that time, the concept of tur-
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bulence was perceived as the superposition of the time-independent component, the coherent
part and the random part (Hussain, 1983). The coherent motion can be called by many terms,
including the coherent or organised structure, coherent pattern or feature, organised flow, etc.
but they address the same phenomenon. Since the coherent structures are supposedly respon-
sible for the significant momentum, energy and scalar transport, many studies have focused on
the detection of the coherent structures in the turbulent boundary layer.

The first attempt to detect the coherent events was made by Kline et al. (1967) in 60’s when
they discovered high- and low- speed streaks. Head & Bandyopadhyay (1981) later introduced
the idea of a hairpin-like structure. This idea proposes that the vertical cross-section of a hairpin
corresponds to an eddy with a long region of slow-speed streak underneath.

However, due to the three-dimensional nature of the turbulence and deficiencies of the
previous measurement techniques, only partial progress in the detection of the coherent patterns
has been made for a long time. The experiments were conducted with hot wire probes (or a
rake of hot-wire probes), sonic anemometers or the Laser Doppler Anemometry (LDA). These
devices provide data only for a single point in space or in a few spatial locations at most. Some
attempts to detect the coherent structures were made by the Wavelet analysis or the Proper
Orthogonal Decomposition (Gao et al., 1989; Hilberg et al., 1994). Nevertheless, the spatial
resolution of the measurement techniques was still rather poor.

The situation has changed when, in the last decade, Particle Image Velocimetry (PIV)
started to be used extensively in the wind-tunnel laboratories. Unlike LDA, which measures
velocity at only one point, the classical PIV provides information about two components of
velocity simultaneously across the whole 2-D area of the flow. The stereo-PIV can, in addition,
evaluate also the third (out-of-plane) velocity component. The LDA techniques can operate at
the sampling frequency from several hundred up to several thousand Hz. On the other hand,
a common PIV system often uses the solid-state Nd:YAG laser capable of operating at 15 Hz
(hence the term ’slow’ PIV). However, the new time-resolved (TR)-PIV with the diode-pumped
Nd:YLF laser has increased the sampling frequency up to several thousands Hz. This allows to
record the temporal evolution of the flow patterns (Raffel et al., 2007).

The trade-off of the high data rate is the significant restriction in the size of the investigated
flow region. The small region does not provide sufficient information about large structures
or mutual interactions between the structures. Nevertheless, the improvement of both the
temporal and the spatial resolution has significantly helped to achieve better understanding of
the turbulent motions.

The numerical modelling also made great progress and is nowadays able to provide new
information about the coherent structures. Zhou et al. (1999) used Direct Numerical Simulation
(DNS) to discover that the structures basically evolve during the transition from the laminar
to the turbulent flow regime. They are created as a result of the minuscule three-dimensional
turbulent motions in the predominantly two-dimensional laminar flow. The structures interact
with each other, generating a complex turbulent flow. The interaction between the structures
and the surrounding fluid in turn leads back to the disintegration of the structures. It can be
concluded that the higher turbulence intensity leads to more broken and disturbed bodies of
the structures. The detection of the structures in a very turbulent flow is therefore an uneasy
task.

Although the research of turbulence in the distant past struggled due to the lack of data, with
the recent development of the measurement techniques and numerical simulations we nowadays
deal with a large amount of highly-resolved data. A large portion of the data is redundant
and contributes little to the physical interpretation of the problem. Yet, it remains difficult to
identify a priori what is redundant and what is worth analysing.

Therefore, numerous analytical approaches for the extraction of the coherent dynamics from
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the noise have been developed. The mathematical techniques like Quadrant analysis, conditional
sampling (VITA) or Wavelet analysis are used for the detection of the relevant events at one
spatial location. Usually, these methods are unable to provide any spatial information about
the surrounding flow, so their output cannot be properly verified. On the other hand, if we have
information about the velocity in the whole space and time, we can apply the temporal-spatial
analysis as the correlation and POD. POD can decompose a very complex flow into more simple
modes, regardless of complexity of the system.

For the visualisation of the structures, the techniques called vortex core detection methods
can be used. These methods usually employ the tensor of the velocity derivatives - the Jacobian
tensor. The group of methods includes, among others, the lambda-2 method, the Swirling
strength method, and the Q-criterion method. The visualisation of their output enables to
identify the shape of the coherent structures.

Outlines of Chapters Objective of this work is to apply the well-established mathematical
methods for the detection of the coherent motions in the atmospheric boundary layers as well
as in the near-surface turbulent flows.

Two types of flow generated in the street canyon with pitched and flat building roofs have
been tested. The main goal is to analyse the unsteady flow at the rooftop level since it strongly
affects the ventilation of the air pollution at the surface. Because the ventilation is driven
by the wind, we focus solely on the flow dynamics and propose its possible impact on the
pollution dispersion. The results for the pitched roof case are presented first and foremost as
they represent the more typical urban city arrangement. The flat roofs set-up serves mainly for
the purpose of comparison.

In Chapter 2, a general introduction into the wind-tunnel modelling of the atmospheric
boundary layer is given. First part of Chapter 3 reviews the actual state-of-art modelling of
the ventilation inside the street canyon and the intermittent motion induced by the flat roofs
buildings. The second part is focused on the historical overview and recent findings concerning
the coherent structures.

Chapter 4 provides an introduction to the measurement techniques which were used in the
wind-tunnel measurement campaign, namely Laser Doppler Anemometry (LDA), Hot Wire
Anemometry (HWA) and Particle Image Velocimetry (PIV). Mathematical foundation of the
afore-mention methods for the identification of the organised motion are resumed in Chapter 5.

Next Chapter 6 describes the experimental set-up of two measurement campaigns, one
performed in the wind-tunnel and the second one in the wind-channel. At first, we verified the
quality of boundary layer in the wind tunnel Chapter 7 and in wind-channel 8. The comparison
and justification regarding the execution of the measurement in the small wind-channel in terms
of dynamic similarity is given in Chapter 9. Once data were gathered, the Quadrant analysis
was applied (Chapter 10), followed by the Fourier and Wavelet analysis (Chapter 11, 12).
Then the results from the proper orthogonal decomposition are presented (Chapter 13). The
supplementary Chapter 14 deals with sensitivity of the POD method to the sampling frequency
and the acquisition time. Summary and outlook is given in final Chapter 15.
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Chapter 2

Introduction to Turbulence

This chapter discusses only the selected problems of turbulent flows in a boundary layer. The
knowledge of dynamics in the turbulent flow is so complex and covers so extensive range of
topics that to introduce all of them would be beyond the scope of this thesis. For the general
introduction into turbulence, atmospheric boundary layer flows, a derivation of Navier-Stokes
equations and their closure problem, the reader is kindly ask to study the great works as Ten-
nekes & Lumley (1972), Stull (1988), Pope (2000) or if preferred, the ones published in Czech
language as Bednář & Zikmunda (1985), Brechler (2009) and Uruba (2009).

In the next chapter, we chose only the subjects that are in direct relation to the wind-tunnel
modelling of turbulent flow above the urban areas.

2.1 Turbulent Flow

Turbulence is a property of a flow. If there is no motion no turbulence exists. The turbulence
originates as an instability of a laminar flow when the inertial forces exceeds the viscous forces.
The process is called a transition from laminar to turbulent flow and the physics behind is very
complex.

Imagine a channel with a slow viscous flow of some fluid. Each layer of the fluid moves
alongside the others at slightly different speed. The flow is slowest on the wall due to the
skin-friction. With an increasing distance from the wall it becomes faster.

As Figure 2.1 shows, this type of flow is laminar only at the very beginning. Further down-
stream from pure laminar area, the small perturbations generate unstable waves in the stream.
These 2-dimensional patterns are called Tollmien-Schlichting waves (Schlichting & Gersten,
1979). Beyond a certain critical distance, the disturbances start to grow exponentially (Jonas,
2007). The waves, due to the secondary instabilities, becomes more 3-dimensional and this
often leads to the Λ-structure formation. These structures decompose into turbulent spots and
initiate the transition into a turbulent boundary layer flow. As more and more spots emerge,
the flow gets gradually turbulent. It was shown that these spots appear irregularly at arbitrary
positions and at random instants of time. The term "turbulent" herein has no fixed meaning,
more likely it means disturbed or deviated motion from the smooth one obtained in the laminar
flow.

Since there is no universally accepted definition for the turbulence, its nature can be better
described by means of a few important properties. Inspired by Tennekes & Lumley (1972), a
list of some typical characteristics includes:

* Irregularity
The flow is almost random, irregular in all three dimensions, un-predictive and highly inter-

5



Figure 2.1: Laminar to turbulent transition. Sketch adapted from Schlichting & Gersten (1979).

mittent. The characteristic values of a velocity or pressure at a fixed point are not constant in
time but exhibit rather significant fluctuations with varying frequency. Although the turbu-
lence seems to behave in a completely chaotic way, certain organised patterns appear in the
flow. They are called coherent structures. Several investigations were done in the last decade
to understand these structures, but no conclusion on their dynamics has been drafted yet.
Thanks to such a complex and non-stationary nature of the turbulence, only the statistical
description can be used for a comparison of two different flow systems.

* Three-dimensionality
The flow is highly rotational and fully three-dimensional. The vorticity shows a great variabil-
ity. Since an essential vorticity maintenance mechanism is impossible in a two dimensional
flow, the turbulence cannot sustain in a purely 2D flow.

* Continuum
The turbulence is a phenomenon of the continuum in motion, which is governed by equations
of fluid mechanics. Even the smallest scale occurring in the flow is far larger than the
molecular length scale. Turbulence is a feature of the flow in the same way as the viscosity
is a property of a fluid. When Reynolds number exceeds some large value, the turbulent flow
is not controlled by molecular properties of the fluid anymore. Turbulent flow truly depends
on the initial and boundary conditions.

* Diffusivity
Diffusivity is one of the most important properties of the turbulent flow. The diffusivity is
responsible for an intensive mixing across the flow. This is a very important feature in the
industrial applications. High diffusivity means the existence of large fluxes of momentum,
heat and mass transfer. The former prevents boundary layer separation on the airfoils at
larger angles or increases the flow resistance in the pipelines. The enhancement or inhibition
of the heat transfer is desired in machinery of all kinds. Strong mass transfer intensifies a
contaminant spreading or evaporation of the moisture above the surface which play important
role in the agriculture. The momentum flux together with heat transfer strongly influence an
air pollution ventilation inside the urban areas.
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* Dissipation
All turbulent flows are dissipative. Viscous shear stress transforms the turbulent kinetic
energy into the internal energy of the system. In other words, the molecular viscosity converts
the mechanical energy into heat. For this reason, turbulence needs a continuous source of
new energy, otherwise it decays rapidly.

* Reynolds number
Reynolds number is dimensional quantity that represents the ratio between inertial and vis-
cous forces. As the inertial forces overcome the viscous forces by several orders, the flow
becomes fully turbulent.

2.1.1 Atmospheric Boundary Layer

Atmospheric boundary layer (ABL) is a layer of the troposphere in the contact with the Earth’s
surface. The ABL is periodically influenced by a daily variation of an incoming solar radiation.
ABL is also non-periodically affected by an interaction of the wind with the surface beneath.
It means that the wind, driven by a synoptic condition, is decelerated by a surface skin-friction
and disturbed by a pressure drag of the randomly distributed terrain roughness. As a result, a
layer of a fully turbulent flow with daily-variable thickness is formed above the surface.

According to Sutton (1949), the concept of the atmospheric boundary layer consists of two
separated regions:

Surface layer is the region with height of 50-100 m above the Earth’s surface. Here, the Cori-
olis force is negligible in comparison to the surface forcing. Shear stress is approximately
constant over height and flow dynamics is predominantly determined by surface friction.
The layer can be also called a constant-flux layer or log-law layer.

Ekman layer is the region above the surface layer, where the shear stress varies with the
altitude; the wind is still affected by surface friction and Earth’s rotation is taken into
account. This layer extends up to 500-3000 m.

Remaining region above the boundary layer in the Troposphere consists of low dense air with
negligible friction and is called free atmosphere.

As the atmospheric boundary layer is directly influenced by the Earth’s surface, it responds
to the surface forcing in a relatively short time scale of one hour or less (Stull, 1988). The
forcing includes the pressure- and skin-frictional drag, heat and humidity transfer, momentum
transport and emission of contaminants. The precise thickness of the boundary layer depends
on the geometry of the underlying surface and the heat processes. Both together cause the ABL
to vary from a few hundred meters up to a few kilometres.

The transport of heat and moisture from the surface to the atmosphere leads to a certain
thermal stratification (Figure 2.2) that further affects the dynamics of the boundary layer.
Over the daytime, an unstable, mixed layer (ML) develops across the ABL. The temperature
inside ML drops more rapidly with height than the adiabatic lapse rate of an air parcel. Any
ascending air parcel is therefore vertically accelerated and this is compensated by descending
motion somewhere else.

Mixed layer is named after intensive mixing process across its entire extension. Figure 2.3
shows LIDAR (Light Detection And Ranging) measurement of the atmosphere in Egbert, On-
tario station in Canada. It represents a typical record of ABL on a clear sky day. The picture
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Figure 2.2: Schematic picture of the diurnal variation of the ABL. Source: Stull (2012).

is characterized by a slow onset of the mixed layer and a rapid attenuation at the sunset time.
Maximum height of the ML (1800 m) is reached two hours after the noon. During the ML
development, the whole area is homogeneously mixed what results in the uniform intensity in
backscattered light. At low altitudes, high reflexivity is caused by strong emission from traffic
and other human sources, especially in the rush hours.

The stable layer (or residual layer) acts as a lid and prevents the up-currents from mixed
layer to ascend further. The up-currents therefore spread horizontally and a region of sinking
air occurs as a consequence of the mass conservation. The interface between the ML and the
stable layer is called the entrainment zone. Such a name was chosen since the air from the
inversion region is drawn to the ML within the sinking zone.

In Figure 2.4 (Cross, 2010), the entrainment zone from LIDAR is detectable. The potential
temperature starts to rise at ABL top where the inversion has its lower boundary. The heat
flux has strong positive values at the ground level which correspond to strong updrafts. The
flux linearly decreases with increasing height and becomes negative in the entrainment zone
since the warmer air from inversion is drawn into the boundary layer. The entrainment zone
turns into a capping inversion zone eventually (as shown in Figure 2.2), which then gradually
decays and diminishes after the sunset.

In the night time, the surface cools down due to escaping terrestrial radiation and chills
the air layer above. Since the upper levels of the atmosphere stay untouched, the lapse rate of
the environment gradually decreases or becomes even inverse. The lower air turns into a stable
boundary layer and the nocturnal inversion might be formed.

The surface layer develops in both day and night regimes but its thickness remains lower
during the stable night conditions.

Above the capping zone, a free atmosphere exists. By definition, the free atmosphere starts
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Figure 2.3: Typical LIDAR measurement from Egbart, Ontario, Canada. Longitudinal
axis (abscissa) stays for date and time, vertical one (ordinate) stays for altitude [m].
Source: http://www.geog.ubc.ca.

Figure 2.4: Left: Vertical profiles of potential temperature and sensible heat flux. Right:
LIDAR picture of the entrainment zone. Adapted from Cross (2010).

at altitude where diurnal variation of given quantity is poorly or not detectable and only a
long time forcing (longer than interval in order of hour) can change the character of the free
atmosphere.

The time scale of order of hour was not established arbitrarily. From the relative spectral
intensity of horizontal wind measured at elevation of 100 m, Van der Hoven (1957) showed a
gap at frequency of 10−4 Hz that corresponds to one hour time scale (Figure 2.5).
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Frequency [Hz]  10 10 10 10 10 10
Period [hours]  100                10                     1                    0.1                  0.01              0.001

-6 -5 -4 -3 -2 -1

Figure 2.5: Relative spectral intensity (or energy spectral density in other word) derived from
the atmospheric measurement. Adapted from Grimmond & Oke (2002).

This energetic gap conveniently separates the turbulent processes from the synoptically
driven meteorology. Simply stated, events lasting longer than 1 hour fall in the category of
meteorology, while shorter processes are assigned to the turbulence. The spectrum from the
latter can be still contaminated by moderate-term processes in the atmosphere like gravity
waves, semi-diurnal variation and so on.

At the lower frequency end in Figure 2.5, two peaks arise in the spectrum. The highest
represents the 4-day cycle and is ascribed to the change of pressure pattern in the atmosphere.
The second one corresponds to the 12-hours long cycles. On the high frequency end, there is a
peak with a period of 1 minute. It has to be emphasized that the data in the high frequency
range were taken during hurricane Connie with mean-hour velocity of 20 ms−1. According
to Van der Hoven (1957), an ordinary meteorological situation would provide much lower peak
amplitude in comparison with the right part of Figure 2.5.

On contrary to the horizontal wind, the vertical velocity component at the ground level has
a major contribution to the energy density within a range from 10−3 Hz and 10−1 Hz. The long
term patterns of large dimension are apparently restricted to the 2-dimensions.

In the wind-tunnels, where long term patterns cannot be simulated, only the right part of
the energetic spectrum can be obtained.

2.1.2 Surface Boundary Layer

Prandlt, in 1904 in Heidelberg, presented a talk entitled "On the Motion of Fluids with Very
Little Friction" where he established the very essential ideas about the turbulent boundary layer
(TBL) flow. He split the flow into two regions: a thin boundary layer near the surface where
friction is dominant, and a free flow external to the boundary layer where friction is negligible.
Thickness of the TBL is defined as the height where velocity reaches 99% its free stream value.

The friction causes the fluid adjacent to the surface to be stuck at the surface. In other
words, Prandtl assumed a no-slip condition at the surface. The velocity of the fluid changes
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Figure 2.6: Sublayers of surface turbulent layer above large roughness elements (buildings).
Adapted from Grimmond & Oke (2002)

significantly over a small distance from the surface. The boundary layer is therefore a region
with large velocity gradient. Considering the Newton’s shear-stress law, the shear stress is
proportional to the velocity gradient. The local shear stress might therefore achieve a very high
value in the boundary layer.

The surface covered with obstacles generates a thicker TBL with higher shear stress than
the flat surface. The city terrain with many large, tall and irregular buildings produces an
extremely complex TBL. Such a layer can be further divided into several sublayers with unique
flow characteristics. Figure 2.6, adapted from Grimmond & Oke (2002), shows that this layer
could consist of three major sublayers:

Inertial Layer Within a specific altitude range, an inertial sublayer (IS) exists and Monin-
Obukhov similarity theory can be applied. At these levels, the flow feels the surface in an
integral way since it adopts to the integrated effect of the whole passed terrain. Turbulent
characteristics of the flow are horizontally homogeneous considering the fact that the flow
scales are larger than the dimension of the roughness elements. The wind profile follows
the logarithmic law and the momentum flux is approximately constant with the height.
This layer is also called log-law layer.

Roughness sublayer This second layer lies below the inertial layer, i.e. it extends from the top
of the roughness to the lower boundary of the inertial layer. It is called roughness sublayer
(RS). The velocity characteristics are strongly influenced by the individual obstacles and
thus spatially inhomogeneous. In other words, the flow knows what shape of the obstacle
is situated beneath it. The top of the roughness sublayer can reach the altitude 2H-
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5H (Raupach et al., 1991), depending on the type of the roughness. The spatial average
of all representative locations can result in velocity profile that partly follows the log-law.
Therefore, as it is emphasized in Cheng & Castro (2002b), the roughness sublayer defined
on the variability of the velocity profiles, does not have to be coincident with the RS
defined in terms of failure of the mean-velocity profile to be logarithmic.

Urban canopy layer The lowest layer in the surface layer is named as Urban canopy layer
(UCL). The structure of the flow among the obstacles is very complex and difficult to
interpret. A few studies on the urban canopy layer have suggested that the wind profile
can obey an exponential decay law (e.g. Macdonald, 2000). Macdonald (2000) fitted the
velocity profiles behind the cubical obstacles with an exponential function that involves an
attenuation coefficient. The higher the packing density of the cube arrays, the larger was
the attenuation coefficient. He therefore concluded that with increasing obstacle packing
density, the characteristic patterns of the flow decrease.

Based on the packing density of the buildings, Oke (1987) classified the flow dynamics
in the UCL in to three regimes. For wide canyons (H/W<0.3), the buildings are well
spaced and act essentially as isolated roughness elements, as the air travels over a suffi-
cient distance from the first building downstream before it encounters the next obstacle.
This spacing produces an isolated roughness flow (see Figure 2.7a). As the buildings
become more closely spaced (H/W≈0.5), the disturbed air flow has insufficient distance
to re-adjust before encountering the downstream building. This results in a wake inter-
ference flow regime. In the regular canyons (H/W=1), the flow skims over the buildings
without actual penetration into the canyon, thereby producing a skimming flow. This
dynamics can be characterized by the formation of a single pseudo-steady vortex within
the canyon (Hunter et al., 1992; Vardoulakis et al., 2003; Kellnerova & Janour, 2008).

2.1.3 Logarithmic Profile

Prandtl expressed the instantaneous fluctuation using time-mean velocity. This led to deducing
a formula for the mean-velocity profile. The time-averaged velocity of longitudinal component
that is supposed to be parallel with an approach flow depends on the height z and the roughness
of the surface beneath. Using the Prandtl’s flat-plate boundary layer theory (see Anderson,
2005), a formula for log-law was drafted:

u =
1

k

√

(

τ0
ρ

)

ln

(

z

z0

)

(2.1)

where k=0.4= von Karman constant
τ0= Reynolds stress at the surface
√

(

τ0
ρ

)

= u∗= friction velocity [ms−1]

z0= roughness length

The change in wind direction with the height (according to Ekman theory) is neglected in
the surface TBL. The roughness of the surface causes a deformation in the turbulent boundary
velocity profile. Simply stated, the parameter roughness length z0 describes the efficiency of the
surface in transforming the mean wind energy into the turbulent motion. Since z0 is independent
on height, it can be easily derived to describe the surface TBL flow. For the surface with larger
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Figure 2.7: Famous classification of the UCL flow regimes suggested by Oke (1987).

roughness elements, Sutton (1949) modified the log-law so it includes the displacement height
d0.

u =
u∗
k
ln

(

z − d0
z0

)

(2.2)

where d0= displacement.

Based on an extensive review on the wind profiles from many urban areas, Grimmond &
Oke (1999) observed that z0 usually ranges from 0.06H to 0.2H and d0 varies between 0.35H -
0.85H, where H is the building height.

Determination of the layer where the mean velocity profile can be described using the log-
law received greater attention. Firstly, the height of the layer was evaluated to be 30-50 m
above the rural terrain. Lately, several authors extended this upper range from 75 m to 200 m
over an urban terrain. Eventually, the constant the constant shear layer height was found to
be 100 m (Panofsky & Petersen, 1972).

Meanwhile, the power-law profile was derived on the basis of extensive engineering measure-
ments:

u

uref
=

(

z − d0
zref − d0

)α

. (2.3)

The power law found to be equally well applicable. It appears that both the log-law and power
law can be used arbitrarily. The lower part of surface TBL (up to 100 m) is perhaps better
represented by log-law. The greater height can be fitted by the power-law. Also, the stronger
wind events can be very-well described by this power-law.
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Figure 2.8: The relation between parameters z0 and α.

The relation between z0 and α is shown in Figure 2.8. It is clearly apparent that these
parameters exhibit a big scatter in natural flows.

It is necessary to average the instantaneous data for the profile not only in a temporal
sense but also in a spatial sense. Cheng & Castro (2002a) strongly emphasised to consider a
representative repeating unit of the surface that includes all the geometrical variation of the
obstacles. The spatially averaged profiles from the repeating unit will then represent the flow
dynamics above the roughness on a scale larger than the unit area.

In many studies, the friction velocity u∗ in Equation 2.2 is often derived from the Reynolds
stress (section 2.1.6) values within the inertial sublayer. Alternatively, the friction velocity can
be determined from momentum flux solely, as it is common practice and as it was done in this
thesis as well. The Reynolds stress and corresponding momentum flux differ only by density
value and therefore we can use them interchangeable without any harm in terms of qualitative
description.

If we pose a criterion of a maximum 10% deviation (alternatively 5%) in the Reynolds
stress across the inertial sublayer, then the vertically averaged stress within the IS can be used
as reference value for τ0. Afterwards, z0 and d0 are obtained from the fitting of measured
velocity profile with usage of u∗/k as the slope in log representation. These parameters can be
determined only when IS exists.

Over a surface with large obstacles, the roughness sublayer can extend to a significant
elevation. The IS could be squeezed between the RS and free stream. This disallows to receive
a sufficient number of input data for the fitting procedure. However, Cheng & Castro (2002a)
found out that the best fit for the velocity profile can be done also with stress value averages
over both the roughness and the inertial sublayer. So, by spatially averaging over a properly
chosen repeating unit, the log-law region can be extended to the roughness sublayer. Moreover,
they conclude that using u∗ solely from the IS will significantly under-estimate the roughness
length z0.
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2.1.4 Classification of the Turbulent Boundary Layer

According to Davenport’s proposals (Britter & Hanna, 2003), several categories of the roughness
surfaces are determined based on the roughness length z0. Table 2.1.4a shows a list of such
classification.

Table 2.1.4a: List of the surface roughness categories determined from z0.
Category Roughness length z0 Urban/industrial site description
Roughly open 0.1 m Moderately open country with occasional obsta-

cles (e.g., isolated low buildings) at relative sep-
arations of at least 20 obstacle heights.

Rough 0.25 m Scattered buildings and/or industrial obstacles
at relative separations of 8 to 12 obstacle heights.
Analysis may need displacement length, d0.

Very rough 0.5 m Area moderately covered by low buildings
and/or industrial tanks at relative separations
of 3 to 7 obstacle heights. Analysis requires dis-
placement length, d0.

Skimming 1.0 m Densely built-up area without much obstacle
height variation. Analysis requires displacement
length, d0.

"Chaotic" 2.0 m City centers with mixture of low-rise and high-
rise buildings. Analysis by a wind tunnel ad-
vised.

The guideline VDI (2000) created the roughness classes of the surface roughness based on
both parameters z0 and α, see Table 2.1.4b. In this thesis, we systematically followed this
guideline.

Table 2.1.4b: Typical values of roughness length z0, profile exponent α and displacement d0
for different terrains according to VDI (2000). H is an obstacle height.

Roughness class Slightly rough moderately
rough

rough very rough

Type of terrain ice, snow, water
surface

grassland, farm-
land

park,
suburban area

forest,
city areas

z0[m] 0.00001 - 0.005 0.005 - 0.1 0.1 - 0.5 0.5 - 2.0
α 0.08 - 0.12 0.12 - 0.18 0.18 - 0.24 0.24 - 0.40
d0[m] ≈0 ≈0 ≈0.75H ≈0.75H

2.1.5 Turbulence Intensity

The turbulence intensity is the ratio of the standard deviation σi(z) of a particular velocity
component to the mean horizontal velocity u(z)

Ii(z) =
σi(z)

u(z)
where i = u, v, w. (2.4)

Turbulence intensity is regarded as a function of height z and the surface roughness z0. Swan-
son & Cramer (1965) showed that longitudinal and lateral intensities decrease with an increase
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Figure 2.9: Categories of the turbulence intensity according to VDI (2000).

in height, wind speed and increasing stability. According to VDI (2000), the intensity can be
divided into several classes based on the surface roughness (see Figure 2.9). The rougher the
surface, the larger is the turbulence intensity. The profiles are valid up to an elevation of 10 m
above the mean height of the obstacles or vegetation.

The intensity is different for different velocity components. Typical mean values follow the
ratio (Counihan, 1972; Panofsky & Townsend, 1964; VDI, 2000):

σu : σv : σw = 1 : 0.75 : 0.5. (2.5)

If the intensity is divided by the friction velocity u∗, then the above-mentioned ratio simply
becomes

σu/u∗ : σv/u∗ : σw/u∗ = 2.5 : 1.875 : 1.25. (2.6)

These ratios are determined for neutral stratification at an elevation about of twice the roughness
height 2H (Britter & Hanna, 2003).
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2.1.6 Reynolds Stress

Reynolds stress ρ < u′iu
′
i > is described as turbulent flux of fluid momentum calculated from

Navier-Stokes equation when Reynolds decomposition and averaging operator is applied to the
velocity. In this thesis, the momentum flux and Reynolds stress are considered with unit density
what is a common practice in the wind-tunnel modelling. The mean vertical momentum flux
< u′w′ > is typically negative in the turbulent boundary layer, because the flow loses its energy
in interaction with the surface and energy is transported downwards. The vertical profile of
Reynolds stress exhibits a negative peak approximately at the level of the roughness top, or a
little bit higher. At this elevation, the flow experiences the largest disturbances, strong shear
stress and the highest vorticity.

Below this height, mean shear stress falls to zero. Between the obstacles, the recirculation
zone is usually formed and the shear stress often reaches to a small positive value.

The log-law region is by definition also the region of constant Reynolds stress. Indeed,
according to Cheng & Castro (2002a), the spatially representative profile gives a layer where
only a small deviation of stress with the height occurs. When normalised by square of the
friction velocity, the stress should achieve a value of one.

2.1.7 Urban Morphology

Roughness of a city terrain can be also evaluated by analysing to spatial distribution and
geometry of the buildings. Grimmond & Oke (1999) proposed that the morphology of a city
has a major influence on the turbulent parameters.

The morphology was expressed as dimensionless frontal area λf and plan area λp. Both
together provide information about the size of buildings and their spacing. The first parameter
λf is defined as the ratio between the frontal surface area Af , i.e. the surface of obstacle exposed
to the approach wind, and the total surface area AT . In other words, Af is the surface visible
in frontal view projection of the obstacle.

The second parameter λp expresses the ratio between the plan surface area Ap, i.e. the
overall surface covered by obstacles, and total surface area AT . Ap is therefore the surface of
the obstacles visible in top-view projection.

The dimensionless frontal area λf plays more important role in the flow dynamics since it
better expresses the drag friction produces by the obstacles.

Typical values of λf for the urban area with moderate building density is 0.1. For downtown
districts it increases to 0.3. Frequently studied wind-tunnels models of aligned or staggered
cubes have a frontal area of 0.25 and 0.5, respectively (Davidson et al., 1995, 1996; Macdonald
et al., 1998; Macdonald, 2000; Cheng & Castro, 2002a,b; Coceal et al., 2007).

According to Wieringa et al. (2001), the pressure drag (generated by large obstacles in the
city) often dominates the skin friction because the obstacles significantly outnumber the open
spaces with grass and field. Pressure drag is assumed to be proportional to λf as long as there
are only a few obstacles that do not influence each other. For the plan area, this isolated regime
usually applies if the λp do not exceed a few percent.

When λp becomes larger, interference regime occurs between the wakes around the obstacles.
When λp attains value of the order of 20%, mutual overlapping of the wakes becomes dominant.
The flow inside the cavities between obstacles is rather separate from the boundary layer above.
The split line between the main flow and the regime inside the interspaces corresponds to the
displacement height d0. In the skimming flow, additional obstacles added into the model does
not increase the pressure-drag (normalized by unit area).

Also Cheng & Castro (2002a) found that the frontal area in the skimming regime does not
affect d0 and z0 too much. The aligned and the staggered array of cubes, the latter with double
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frontal density area, will produce similar values of d0/H and z0/H. This is in agreement with
observation of Wieringa et al. (2001). However, the Reynolds stress will be significantly larger
in the scattered case.

An array of elements with uniform height generates significantly lower stress than the el-
ements with various heights (but with the same average height). It indicates that roughness
length also depends on the standard deviation of height variability in elements. Since the stan-
dard deviation in some urban areas reaches the value almost equal to mean building height, a
model with constant height of obstacles in the many wind-tunnel studies may not well represent
a real urban city.

It was found out that a model based only on morphology parameters does not yield satis-
factory results (Grimmond & Oke, 1999). The variance of the descriptors themselves seems to
be a significant factor in the flow dynamics. Moreover, the orientation, roof shape, presence of
trees or vehicles in the street also affects the character of the boundary layer significantly.

2.1.8 Evolution of the Internal Boundary Layer

There are several conditions required for proper measurement of a velocity profile in the real
atmospheric condition (ESDU, 1985; VDI, 2000).

The thermal stratification should be close to the neutral atmosphere. The surface passed
by the flow should be flat and homogeneous, i.e. covered by uniform roughness.

The fetch of the surface should be sufficiently long. For a real surface, the upwind fetch of
30 km is required (ESDU, 1985), otherwise the roughness changes and the new roughness
parameter z0(2) should be considered (Cheng & Castro, 2002b).

In the wind-tunnel modelling, these conditions are fulfilled by a slightly modified method.
Usually, an isothermal approach flow very well models the neutrally stratified atmosphere
(ASCE, 1995). The ceiling in the wind-tunnel, if possible, has to be adjusted to provide a
constant pressure along the test section.

The long fetch for the proper development of fully TBL is guaranteed by a long developing
section. When the tunnel is rather short, various "turbulence generating" devices can be placed
at the entrance into the developing section. Typically, the spires are installed at the beginning,
followed by roughness elements of various shapes to form a TBL of desired character.

The dimension of model has to be a small fraction of the dimension of the boundary layer.
Usually, maximally 5% of wind-tunnel cross-section can be occupied by model frontal area to
prevent aerodynamic blocking.

At the entrance of the test section, the TBL has to be as similar as possible to the analogous
TBL above the real terrain. At the front part of the investigated model placed into the test
section, the new internal TBL starts to evolve. The wind-tunnel roughness elements should be
geometrically more or less in agreement with the investigated model. Otherwise, the sharp step
change in the roughness would produce unwillingly a new internal boundary layer (IBL) with
rather different character from the previous one.

The study of the surface roughness change was performed by the Cheng & Castro (2002b).
New IBL starts to develop downwind of the roughness step change. An outer boundary layer
is pushed upwards and envelopes the new one (Figure 2.10).

The structure of the new IBL can be split in two regions. The lowest part is of a very small
thickness and it quickly reaches the equilibrium with the surface beneath. Above the equilibrium
layer (EqL), there is a transition region where properties of IBL meanwhile gradually change
with the height as the IBL adjusts to the new surface. At a specific distance, the new IBL reaches
a desirable thickness to encompass roughness sublayer and inertial sublayer, respectively.
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Figure 2.10: Evolution of the IBL after a roughness length step change. Source: Cheng & Castro
(2002b).

The new IBL can be defined by means of several methods. Deviation in the wind speed,
Reynolds stress or turbulence intensity can be arbitrarily considered as a criterion for new IBL.

According to Cheng & Castro (2002b), imagine the downstream change in the roughness
from a smoother (lower z01) to a rougher (higher z02) terrain. The speed becomes a consecutively
slower after it passes the step change at the surface. When change in velocity profile is taken
into account, we can regard the transition region as a layer where:

Upper boundary is the height at a fixed longitudinal fetch, where velocity reaches 99% of
the value within the outer layer.

Lower boundary is the height at a fixed longitudinal fetch, where velocity decreases to 101%
of the value within the equilibrium layer, adjusted to a new surface.

The best example for the demonstration of afore-mentioned statement is in Figure 2.11.
Two velocity profiles from both the smooth and the rough surface are depicted against the
height. The faster speed corresponds to the smoother surface labelled SC. The slower profile
above the larger roughness is labelled SB. The triangles symbolise the transformation profile
after the step change.

Apparently, the triangle profile is gradually remodelling from the SC into the SB. Cheng
& Castro (2002b) showed that the transition region elevation is strongly dependent on the way
how it is defined. Weaker criteria can lead to the assessment of the EqL or RS at a higher
elevation.

Cheng & Castro (2002b) also established the rate of growth of the layers with longitudinal
distance. While the turbulent boundary layer as a compact body keeps its thickness along the
tunnel, the depth of IBL progressively occupies the whole extent of TBL. The equilibrium layer
reaches of 10% or 15% of total depth of IBL.

The fetch required for the equilibrium layer to reach the upper boundary of the RS or IS is
listed in Table 2.1.8.

In this thesis, the RS and IS layer were established after the 10% of deviation in the velocity.
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Figure 2.11: Logarithmic profiles of longitudinal velocity above the smoother surface (SC)
and rougher surface (SB). The gradual change of the velocity profile in the transition region.
Source: Cheng & Castro (2002b).

Table 2.1.8: Longitudinal fetch proposed by Cheng & Castro (2002b).
Definition in velocity Top of RS Top of IS

1% 886z02 6025z02
5% 300 z02 2079z02
10% 166z02 801z02

2.1.9 Intermittency

When taking velocity measurement inside a transition flow, the confined intervals of turbulent
and non-turbulent flow is clearly observed on the record (Pope, 2000)). Each interval is defined
by a sharp edge since the turbulent flow shows a high vorticity variance and the non-turbulent
does not. When the motion is sometimes turbulent and sometimes not, the flow is generally
called intermittent.

We can define intermittency function I(x, t) that becomes simply I = 0 when non-turbulent
flow occurs, and I = 1 when flow exhibits turbulence. We can utilise the Heaviside step function
H, discontinuous function getting value of one for positive argument and zero value for negative
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argument according to formula:

I(x, t) = H(|Q(x, t)| −Qthresh), (2.7)

where function Q(x, t) can be quantity as widely different as a simple velocity or a sweep or
an ejection duration (for explanation see Chapter 10). Qthresh is a certain threshold properly
chosen for a given case. Considering the discrete signal of quantity Q(x, t) recorded at discrete
times ti at fixed point, the intermittency factor γ(x) is then a fraction of the time with flow
being turbulent.

γ(x) =

N
∑

i=1

I(x, ti)

N
(2.8)

The time-mean contribution from the turbulent part (T) of the signal, from the non-turbulent
part (NT) and the total mean value can be simply expressed as

QT (x) =
N
∑

i=1

I(x, ti)Q(x, ti)

γN
(2.9)

QNT (x) =

N
∑

i=1

[1− I(x, ti)]Q(x, ti)

[1− γ]N
(2.10)

Qtotal(x) = γQT + [1− γ]QNT (2.11)

(2.12)

The intermittency could be determined directly from the velocity or other quantity or it can
be evaluated from the quantity derivatives. The latter one is called TERA (Turbulent Energy
Recognition Algorithm) method, firstly proposed by Hedley & Keffer (1974). The method
consists of several consecutive steps, which better distinguish the turbulent pattern from the
non-turbulent one.

The method is suitable for data recorded with a sufficiently large data rate. Following the
procedure in e.g. Hladik et al. (2009), the low-pass filter is applied to the signal to get rid of
the electrical noise. Then, temporal derivatives are calculated from the raw data and one of
the several Detector functions is evaluated. Detector function can be e.g. an absolute value
or a square of the velocity derivatives. The purpose of the Detector function is to modify a
velocity probability density function in a way which clearly distinguishes between turbulent
and non-turbulent pattern. The very last step is to choose the threshold Qtresh and evaluate
intermittency function I(x, t) and factor γ(x). With increase in the threshold, the intermittency
factor should decrease from one to zero value.

2.1.10 Taylor’s Hypothesis of Frozen Turbulence

The eddies, which we observe in the TBL layer, are spatially extensive structures, and to
determine the frequency of them requires information from many points in space. To collect the
information from the whole space is rather unrealistic. It was shown that the spatial information
along the trajectory of prevailing wind can be replaced by the temporal information at one point
on this trajectory. Temporal measurement at a point is converted to the spatial pattern through
the transformation x = ut = Ut.

Since the longitudinal velocity which carries the eddies is much larger than fluctuations, Tay-
lor (1938) proposed that the sequence of changes of u′ at fixed spatial point can be considered
as a passage of unchanged velocity pattern. The fluctuations are not affected by mean flow but
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merely advected. The field is considered as being frozen in time. The frequency scales become
wavenumber scales (k = 2πf/U). Spectra remain unchanged in their shapes and magnitude. In
other word, the time variation analysis of the velocity is fully equivalent to a harmonic analysis
of the space variation. This approach is called Taylor’s hypothesis of frozen turbulence.

The flow patterns, however, evolve in time. It is not a big fault to assume that life-time of
the patterns is much longer than their travel time across the one-point sensor (hot-wire, LDA).
Unfortunately, the flow patterns also do not travel at the local mean wind speed. It was proved
by Adrian et al. (2000) that advective velocity of the eddies is smaller than the local time-mean
speed. However, due to a lack of more investigations, we will continue to use u as a proper
representant of advective velocity. Adrian et al. (2000) used for the travel velocity of the vortex
a term convective but since this can lead to a confusion in the meteorological community, we
prefer to use a term advective instead.

2.1.11 Integral Lengthscale

General view on the turbulence suggests that the flow is superposed from some coherent pat-
terns - usually eddies of a wide range of size. However, during the last decades, the several
other coherent features were discovered and verified, markedly dissimilar to the eddy-shape.
Notwithstanding, for the purpose of this chapter, we shall retain with the eddy-like-structure
as the most useful representation.

The eddies are supposed to interact with the mean flow and mutually with each other. The
turbulent kinetic energy is extracted from the mean flow by so-called energy-containing eddies.
These eddies further decompose under the forcing of a general instability in the flow or under
the forcing of the other eddies what results in their finite lifetime. They break up into yet
smaller eddies. This process is repeated again at smaller and smaller scales until the viscosity
is able to convert the kinetic energy of the smallest eddies into the heat.

Based on the assumption of the frozen turbulence, Taylor (1938) defined temporal correlation
Rii between two spatial positions with distance r to be

Rii(x, r) =
u′i(x, t)u

′
i(x+ r, t)

σui(x)σui(x+r)
, (2.13)

or alternatively with time lag ρii(x, τ) =
u′i(x, t)u

′
i(x, t+ τ)

σui(t)σui(t+τ)
. (2.14)

The correlation coefficient falls quickly down with an increasing distance r or a time-lag τ =
r/U . Very often it is convenient to fit the curve by an exponential decay.

Considering the latter formula, the integral time-scale, over which the typical pattern is still
correlated to itself, is the area below the correlation curve. The area equals to the integral of
the correlation coefficient over the time. In this thesis we use exponential function for a fit. The
time-lag τ0, in which the coefficient value decreases on 1/e is taken as a upper boundary for the
integral of ρii. The correlation inside a large eddy results in longer time-scale over which the
turbulent pattern remains correlated. Its integral length scale can be calculated by formula

Λi(x) = Lix = uiTii = ui

∫ ∞

0
ρii(x, τ)dτ (2.15)

The integral lengthscale represents the characteristic size of eddies in the flow. Its value
corresponds to the characteristic frequency of the eddies. The lengthscale is again a function
of both the roughness and the height.

Grant (1958), based on the extensive measurements found out that size of eddies increases
with distance from the wall. Blackadar (1962) proposed that eddies grow up linearly with
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Figure 2.12: The integral lengthscale as a function of altitude in full scale [m]. Adapted
from Counihan (1975).

increasing distance from the surface and in the higher level of boundary layer they keep the
fixed value.

Typical arrangement of the lengthscale of U-component in longitudinal direction is plotted
in Figure 2.12. The plot is based on atmospheric measurements gathered by Counihan (1975).
The integral lengthscale for U-component is labelled Lux.

2.1.12 Power Spectral Density

The eddies, when passing the fixed point at space, are supposed to induce more or less harmonic
velocity variation. So, Taylor (1938) introduced an assumption that the eddies with various
length scales (and periods) can be convoluted with harmonic functions. When u′, the fluctuation
of the longitudinal velocity, is resolved into harmonic functions, the mean value of u′2 is then
regarded as a sum of contributions from all the frequencies.

∫ ∞

0
Suu(f)df = u′2 = σ2u (2.16)

Taylor (1938) restored the connection between one-dimensional correlation ρii(τ) and spec-
tral density Sii(f)

Sii(f) =
1

2π

∫ ∞

−∞
ρiiτe

−i2πfτdτ (2.17)

Sii(k) =
1

2π

∫ ∞

−∞
ρiirie

−ikiridri (2.18)

(2.19)

The spectral density function is actually Fourier image of the correlation function between two
spatial positions with distance ri. When autocorrelation is based on the distance, the transform
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Figure 2.13: Power spectral density of the atmospheric boundary layer. Adapted from Kaimal
& Finnigan (1994)

variable becomes wave number k. When working with time-lag τ , the transform variable is a
frequency f .

Great part of TKE is captured in the low frequency part of the spectra where the turbulent
energy is produced by extraction of energy from the mean flow by large eddies. This region
is called energy-containing range in agreement with nomenclature used in Kaimal & Finnigan
(1994). The part of the spectra where energy is consecutively transported from the lower to the
higher frequencies is called inertial subrange. Its slope in the log-log spectral density plot follows
the unifying Kolmogorov’s law of -5/3. The high frequency end of the spectra, dissipation range,
describe the diminishing of the energy inside the smallest eddies towards an internal energy of
the system - heat (Figure 2.13).

Usual depiction of the spectra is S(f) against frequency f or against reduced frequency
n = f · z/U(z). To detect the energy peak in this plot is very difficult, therefore the second
common way in meteorology is to use a frequency-weighted function f · S(f). The peak at
f ≈ 1/Λix then shows off and the Kolmogorov slope in the inertial range becomes -2/3. The
frequency value corresponding to the peak position in log-log plot of fS(f) is not still single-
valued. It is recommended to consider a certain range of frequencies f that leads to a probable
interval of Λix, consequently. Frequency-weighted spectrum has the unit of variance (m2s−2).
When plotted in log-log scale, power relations appear as a straight line, what is favorable.
However, the log-log plot is not area preserving since

∫ ∞

0
S(f)df =

∫ ∞

0
fS(f)d(lnf) = σ2u (2.20)

To keep the proper area spectrum, fS(f) should be plotted on linear-scale, whereas the fre-
quency f on a log scale. However, Kolmogorov power law then would not project itself as a
straight line.
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Figure 2.14: Power spectral density in weighted and unweighted representation. Adapted
from Kaimal & Finnigan (1994)

The plot can be arbitrarily displayed in non-reduced frequency or in reduced frequency
n = f · z/U(z) on abscissa. The ordinate either with fS(f) or nS(n) results in the same value
without conversion of unit. The plots therefore can legitimately use fS(f) or nS(n) against n
or f or wavenumber k (Figure 2.14).

Two Region Spectral Model for Neutral TBL

The energy spectrum can be fitted by several formulas from literature. According to Richards
et al. (2000), most of the formulas are essentially two region models with low- and high-frequency
asymptotes. These models are combination of low-frequency model (n� 1) where fSii(f)/u2∗ =
Ain and the high-frequency model (n � 1), where fSii(f)/u2∗ = AiBin

−2/3. Between them,
there lies an intermediate range with no simple asymptote to be approached. The low frequency
mode together with intermediate range forms a energy-containing range. The high frequency
end represents the inertial subrange. The very last part of the spectra, dissipation range, starts
where measured spectral data start to deviate from the prescribed spectral formulas. The
detailed overview of the spectra models for neutral boundary layer as well as example of the
application to wind-tunnel data is given in Appendix A.
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Chapter 3

State-of-art

3.1 Street Canyon Dynamics

Mass exchange between a polluted street and fresh air above a street canyon becomes an im-
portant issue in health and comfortable urban living. The cities are growing as the number of
inhabitants increase, the number of vehicles in the streets is raising what results in the markedly
enhanced air pollution in the city environment. The intensive vehicle traffic in large cities pro-
duces deleterious emission just at the surface level, so the contaminants easily reach a breathing
zone of citizens. The wind is expected to dilute the pollutants and transport them far away
from the breathing area (Kato & Hiyama, 2012). Hence, the studies dealing with the effective
ventilation of the urban canyons became desired.

With certain level of a simplification, we can conjecture that there are two ways how to
ventilate an urban canyon. The first is a steady and a relatively slow ventilation via a pseudo-
stable vertical vortex illustrated in Figure 3.1a. Vortex is assumed to be "decoupled" from
the dynamics in the approach flow via shear layer (Perret & Savory, 2013b). Second process
is driven by intermittent penetration of above-roof clear air into the canyon which result in
sudden an intensive washing out of the exhalation. This phenomenon is sometime called a
canyon breathing (Scaperdas, 2000). The shear layer can be partially visible from region of
enhanced TKE in Figure 3.1b. Both dynamics of the ventilation in fact depend on both a
geometry of buildings surrounded just the street canyon and on an aerodynamic roughness of
upstream and downstream urban area.

3.1.1 Vertical Vortex

During the last decade some progress was done in understanding how the aspect ratio affects
the first type of the ventilation in the street. Inside the typical street canyon with a flat roof and
with aspect ratio between the height of building H and width of the street W equal to H/W=1
and recirculation zone with one single vortex is formed (e.g. Kovar-Pankus et al., 2002). Several
studies from the wind-tunnel modelling as well as numerical simulation have confirmed that a
core of the vertical vortex is shifted upward with increasing ratio H/W (e.g. Theodoridis &
Moussiopoulos, 2000; Kovar-Pankus et al., 2002; Liu et al., 2004). The mean-concentration
dependence on the aspect ratio was investigated for example by Meroney et al. (1996) and a
decrease in the concentration with widening of the canyon was observed.

Furthermore, numerical simulation displayed that the vortex is strongly influenced by a
shape of the roof. Xie et al. (2005) calculated with k−ε turbulent model the mean flow between
canyons with various roof shapes. The overview in Figure 3.2 reveals that simulated mean
velocity field is surprisingly diverse for each particular arrangement. For example, the pitched
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Figure 3.1: Illustrative picture of recirculation zone in the street canyon with aspect ratio
H/W=1 and flat roof. a) Streamlines of the mean flow. b) Reduced Turbulent kinetic energy
(normalized). Source: Salizzoni et al. (2009).

roof with dimension R=0.5H and aspect ratio H/W=1 produces a typical unique vertical vortex
with the core localized slightly above the canyon centre (Figure 3.2 - 7). Pitched roof with
higher ratio H/W≈1.5 produces a completely different flow pattern. Instead of single vortex,
two mutually counter-rotating vortices are formed. The first is markedly lifted, so the core
reaches middle-roof level. The secondary, lower counter-rotating circulation is significantly
weaker (compare to Figure 3.2 - 4). Theodoridis & Moussiopoulos (2000) simulated the pitched
roof canyon for even higher aspect ratio W/H=1.7 and they got pronounced both vortices.

In the wind-tunnel, Kastner-Klein & Plate (1999); Kastner-Klein et al. (2001); Kastner-
Klein & Rotach (2004) systematically studied the shape of the roof in street canyons and
experimentally confirmed that the roof geometry significantly influences the mean velocity field
and consequently mean concentration values inside the cavity. Generally, it can be concluded
that the more is the canyon sheltered from upper flow by the upstream roof, the higher the
concentration is measured on the leeward side in the canyon. Also, the higher is the roof of the
downstream building, the lower is the concentration measured on the windward side building.
Further, on contrary to the numerical simulation with infinite length of the canyon, there is
always a finite lateral length of the street block in the wind-tunnels. This fact affects the
velocity field as well.

Barlow & Leitl (2007) and Pascheke et al. (2008) published papers where they proved in a
wind-tunnel experiments that a primary and a secondary counter-vortex coexist during a short
time period within the single pitched roof canyon (H/W=1). Even long term measurement
showed great reduction of the velocity at street level and consequent decreasing of a transfer
coefficient.

As Barlow & Leitl (2007) suggested, the different dynamics of air motion cause different
scenario for the ventilation of the vehicle traffic pollution out from the street canyon. They used
one-point Laser Doppler Velocimetry and carried out the time-average statistics. This method
is helpful since the third and the fourth moments of the velocity point out to an intermittency
in the flow field. The linkage between intermittent events and the momentum flux, especially
a sweep and an ejection, was investigated in the wind-tunnel by Kellnerova & Janour (2008).
There is, however, a linkage between the intermittent motion and the coherent structure, which
still remains unclear.
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Figure 3.2: Overview of the various roof geometries and its influence on the mean flow field
(simulated by CFD). Source: Xie et al. (2005).

On the other side, field data obtained by Eliasson et al. (2006) in Swedish Göteborg did
not confirm the existence of coupled vortices lasting for long term (5 minutes in a full scale)
but researchers were able to find out the secondary pattern when analysing the data in short
time interval (up to 5 s). Nevertheless, the stacked vortices had sometimes the same rotating
direction. As Eliasson et al. (2006) concluded the lower whirl does not have to be driven by the
primary vortex.

Long-term existence of coupled vortices is therefore dependent on combination of many
factors as the aspect ratio and the roof aspect ratio or a particular roof geometry itself.
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3.1.2 Intermittent Events

Intermittent event can be characterised by a seemingly "chaotic" behaviour that manifests itself
in a sudden onset and a sudden cessation of the dynamics different from the prevailing flow.
Regarding the magnitude of the velocity within the intermittent events, Louka et al. (2000)
concluded that the velocity fluctuations in the street canyon are long-lived and more than twice
as large in the amplitude as the weak time-averaged circulation. In other words, considering the
TKE and the momentum flux, the mean flow dynamics is rather residual whereas the turbulent
fluctuations are dominant.

The intermittent events usually exhibit certain coherence with respect to the space and
time. They occupy a compact spatial extent, which undergoes evolution of its shape and di-
mension while interacting with an ambient fluid. Proper tool for their identification is therefore
simultaneous multi-point measurement technique, where planar or even fully dimensional in-
formation can be achieved. Another fruitful approach is a numerical simulation, either large
eddy simulation (LES) or direct numerical simulation (DNS). Both types of methods produce a
large data-bank, from which a spatial-temporal analyses like spatial and temporal correlation,
velocity tensor derivatives or Proper orthogonal decomposition (POD) can reveal more or less
organised patterns in the flow.

When only one-point measurement is at disposal, it still can be beneficial to analyse these
time-series either of the velocity or a scalar in detail. We can carry out cross-moments and
statistical higher moments of third and fourth order or applied Fourier analysis, Quadrant
analysis or Wavelet analysis.

The moments inform us about a probability of extreme wind appearance in the flow, gusts or
lulls for example. Fourier analysis brings the statistical representation of the power spectra. The
Wavelet analysis extends the Fourier analysis and evaluates the turbulent kinetic energy not just
for particular frequencies of the events but also for particular time-instances when the events
are active. Finally, the Quadrant analysis decomposes fluxes, e.g. the momentum flux, into
quadrants according a sign of the velocity fluctuations what further appoints the direction of the
momentum transfer. The higher moments together with a localization of frequent downward
penetrations and upward outflows by means of Quadrant analysis can help us to draw up
a picture of critical areas where extreme flow events take a place and detect their enhance
activity in the time.

Vertical profiles of the cross-moments above the street canyons were analysed by Schultz
et al. (2007) and it was revealed that momentum flux strongly depends on the roof shape.
The profiles of the higher velocity moments, a skewness and a flatness was investigated by Cui
et al. (2004). The rare strong sweep (penetration) and frequent weak ejection (outflow) events,
i.e. the quadrants from Quadrant analysis of the momentum flux, were detected in the street
canyon. Also the Wavelet analysis was applied to the momentum flux. The profiles of the sweep
and the ejection, were studied by Cheng & Liu (2011).

The final conclusion from the experiments has been not drafted yet. Better insight into
the formation of the dynamics might be provided by a numerical simulation. Concerning the
localisation of the quadrant events in the space, Coceal et al. (2007) in DNS of turbulent
layer above an array of cubical buildings displayed instantaneous snapshots of fluctuation field.
Picture indicates that regions of the sweep and the regions of the ejection have staggered
arrangement above the cubes.

The sweep and ejection regions are supposed to be associated specifically with a coher-
ent structure called a hairpin (for explanation see Section 3.2). On the basis of DNS, Zhou
et al. (1999) deduced that ejection region is caused by mutual induction between two hairpin
legs. Shaw & Finnigan (2006) found connection also between the hairpin and the sweep. They
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Figure 3.3: Conditional averaged vorticity field based on a) sweep and b) ejection events at
detected at Z/H=1.2. The red ellipse marks the lifted area of shear layer due to ejection.
Source: Takimoto et al. (2011).

came up with a system of two hairpins acting against each other. The first of them corresponds
with afore-mentioned ejection-producing structure. The second one is upside-down hairpin that
produces a strong sweep event.

It seems that in the extremely complex and turbulent boundary layer above urban area,
where the flow is badly disturbed by many sharp building edges, there is only a little chance
for the hairpin structures and accompanied quadrant phenomena to survive in organised sense.
Notwithstanding, the organised quadrant events were unambiguously detectable above the built-
up area.

Intense investigation of the sweep and ejection events outdoor (project COSMO) and indoor
(wind-tunnel) with PIV was published by Takimoto et al. (2011). The "flapping" behaviour
of the shear layer was observed in the flat roof street canyon. In Figure 3.3, the different
angle of the shear layer was successfully visualised by ensemble average vorticity for sweep
and ejection phase. The authors however distinguished the flapping of the local shear layer
from "flushing motions", a large-scale motion in the incoming flow that strongly influences the
canyon ventilation. Profound analysis of sweep/ejection phenomena in the street canyon in the
wind-tunnel experiment was conducted by Perret & Savory (2013a). The velocity field was
analysed by means of plenty mathematical tools like the spatial correlation of the velocity and
POD applied to vertical component solely, conditional average of the velocity tensor derivatives
and autocorrelation of the POD mode. Figure 3.4 depicts the conditionally averaged sweep
(penetration) and ejection motion (outflow) in the flat roof canyon.

The autocorrelation and Fourier spectra of the concentration values were performed
by Pavageau & Schatzmann (1999). They discovered that in the street canyon coexist two
kinds of areas. One kind has typically a low intermittency and a high autocorrelation of con-
centration so intense mixing in small scale occurs there. The second one is characterized by a
high concentration intermittency together with a low autocorrelation what suggests that violent
dynamics of larger, mutually separated regions take place here. PIV and fast Flame Ionisation
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Figure 3.4: Conditional averaged sweep [ a), b) ] and ejection [ c), d) ] events with contours of
swirling strength in the flat roof canyon: black color = high swirling strength, white color =
zero swirling strength. Source: Perret & Savory (2013a).

Detector were used by Salizzoni et al. (2009) and dynamics of the wash-out phenomena were
drafted. Unique Quadrant analysis of the vertical concentration flux obtained in experimental
measurement was done by Kukacka et al. (2012) and Carpentieri et al. (2012).

In any case, the coherent structures seem to be responsible for the intermittent downdraughts
and updrafts that repeatedly attack the shear layer and the long-term vortical circulation in
the street canyon. Nevertheless, the way how the drifting coherent structure reacts on the
edge of street canyon is still an open question. Structures could be formed in the shear layer
generated on the sharp edges of the upstream obstacle and impact only locally. The character
of the structures would depend solely on the geometry of the upstream building and street
cavity. Alternatively, they could evolved in the external turbulence of the upper boundary
layer without direct contact with surface. Such a upper layer, e. g. inertial sublayer, "feels" the
surface beneath in an integral way and dynamics of the coherent structure therefore responds
to the general structure of the passed surface.
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3.2 Coherent Structures

It is generally accepted that fluctuations in turbulent flow are not only random but exhibit
a certain level of inner coherence. This coherence, either temporal or spatial, is difficult to
manifest in a satisfactory manner since the experimental measurement would become very
technically demanding. As a consequence, an exact definition of coherent motion is still missing.
However, it was generally accepted the suggestion of Robinson (1991) that coherent motion
is a three-dimensional region where at least one fundamental variable (velocity, etc.) shows
significant correlation with itself or with another variable.

To give an example of a coherent structure, compact area of high vorticity or better of
velocity derivatives like swirling strength or lambda-2 can be taken into account. The swirling
strength λci means imaginary part of complex eigenvalue of velocity gradient tensor, whereas
λ2 presents second eigenvalue of special symmetric tensor derived from the velocity gradient
tensor (for detailed explanation see Chapter 5). Vorticity does not distinct shear stress from
rotational motion what can lead to confusion. Fortunately, swirling strength and λ2 successively
discriminates shear area and emphasises true vortical motions. Rotating eddy is a typical
example of a coherent motion. Based on the research, eddies are actually only the planar
projection of three-dimensional areas of high vorticity, for which a term "hairpin" or Ω-vortex
was chosen.

Other types of organised motions are streaks or low momentum regions and "pockets".
These types do not involve vortical motion. According to the recent research, the hairpins and
the ir-rotational motion are supposed to be linked together and caused by one dynamic event.

However, due to insufficient technical background only a partial progress in the detection of
the coherent patterns was made. On the very beginning Falco (1977, 1991) combined analysing
of cine film together with hot-wire anemometry. Based on results he distinguished the rotational
eddy from relatively slow ir-rotational large scale motion. Head & Bandyopadhyay (1981) care-
fully analysed smoked area just above smooth surface and they firstly introduced the scheme
of hairpin-like structures, which vertical cross-section matches to the scheme of circular eddy
with long region of slow fluid underneath.

Zhou et al. (1999) drafted the evolution of hairpin structure from very initial stage up to
the formation of multi-hairpin groups using direct numerical simulation (DNS) of the flow above
smooth surface with low Reynolds number (Figure 3.5). Basic scheme proposed that instability
within the shear layer just above a smooth surface produces a counter-rotating pair of vortices
with stream-wise direction of the vorticity (in the direction of approach flow). The vortices
consequently cause a formation of head and necks that finally close the whole structure into
hairpin-like shape. Between the legs, the strong ejection (slow upward movement) forms an
ir-rotational low-momentum region (LMR).

Zhou et al. (1999) simulated that the primary hairpin once formed, its self-inductive motion
generates a secondary hairpin upstream followed by tertiary hairpin in like fashion, hence the
packet of younger and younger hairpins is built along the longitudinal direction (Figure 3.6).

Considering low Reynolds number, Adrian et al. (2000) experimentally confirmed above-
mentioned picture as the correct one. They modelled the turbulent layer above smooth surface
in the wind-tunnel using Particle Image Velocimetry (PIV). The advective velocity of vortex head
was suggested as more advisable reference velocity than the classical Reynolds decomposition.
When one subtracts the advective velocity from the instantaneous field, the vortex core patterns
can be more evident and the shear layer is still detectable. As visible in Figure 3.7, the Reynolds
decomposition, which removes time-mean velocity, hides the true circular shape of the vortex
(in example of the vortex labelled "D") and blurs interfaces between layers of markedly different
transporting velocity (zones labelled I, II, III).
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Figure 3.5: Formation of the hairpin from the initial vortical structure. 3-D structure is isoline
of swirling strength. In the frontal-view cross-section YZ, the vector field is zoomed. Side-view
of the vector field XZ shows the ejection area (Q2) between the legs. Source: Zhou et al. (1999).

In horizontal plane above a smooth flat surface, Tomkins & Adrian (2003) observed long
regions with low momentum bordered with series of vortex couples, which were much longer than
the characteristic scale of hairpin-like vortices (Figure 3.8). Such a chain of pairs is thought to
be explained by the hairpin natural self-induced nativity within each packet. Tomkins & Adrian
(2003) experimentally proved the linear increase in spanwise (lateral) dimension of structure
with distance from the wall (surface) so that coherent structures seem to enlarge their volume
with life-duration and with uplifting. Hairpins occur simultaneously at several elevations one
above other and the structures could be submerged one into another.

Tomkins & Adrian (2003) suggest that there can be another type of mechanism of spanwise
scale growth. Packets can merge in a fashion of eddy-by-eddy basis as it was proposed by Wark
& Nagib (1990) and experimentally documented and numerically simulated by Adrian et al.
(2001). Such mechanism has a strong influence on flow statistics. The zone of low momentum
inside the final coalescent hairpin differs from original as well. This causes the substantial
changes in the turbulent kinetic energy. Tomkins (2001) performed a PIV experiment in channel
and observed merging process of two long streaks into the large long one.

Collaterally with the research conducted above flat terrain, wind-tunnel tests above plant
canopy and monitoring in the nature were performed. Gao et al. (1989) and Watanabe (2004)
investigated temperature and humidity signal in flow across the forest canopy. They detected
ramp-like pattern within canopy which were apparently spatially correlated. Due to convergence
of the velocity and large gradient of scalar variables on such a ramp, the situation was regarded
as a small microfront.

Shaw & Finnigan (2006) associated the microfront with couple of hairpins, one oriented
"head-up" and providing ejection event, whereas second one oriented "head-down", causing
sweep events. Interface between them makes a front. Several authors used Wavelet analysis to
detect ramp-structure or to catch time-position of energetic structure in turbulence (Xia et al.,
2009). Ramp pattern can be seen rather when using "Mexican hat", wavy pattern rather using
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Figure 3.6: a) Famous scheme of auto-generation of hairpin pack with primary hairpin vortex
(PHV), secondary hairpin vortex (SHV), tertiary hairpin vortex (THV) and downstream hairpin
vortex. QSV is initial quasi-streamwise vortex. The side-view projection shows the sweep and
ejection regions. b) Side-view on the hairpin pack. Source: Zhou et al. (1999).

Morlet function as a mother wavelet, respectively (Addisson, 2002). However, process of finding
the best mother wavelet is still ongoing.

Watanabe (2009) has recently concluded from Large Eddy Simulation (LES) that the small
eddies are vortices developed from the canopy-top instability, whereas the larger eddies are not
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Figure 3.7: Vertical projection of the hairpin head into the flow (vortex A,B,C,D). The formation
of the zones with similar velocities within each zone I, II, III. Source: Adrian et al. (2000).

vortices and are much larger than those expected from the mixing-layer analogy.
Leonardi et al. (2004) performed Direct numerical simulation (DNS) of turbulent flow

over rough surface in a channel, where simulated square bars on the wind-tunnel ground. They
concluded that the structures are shorted in streamwise direction but larger in spanwise direction
in comparison with the smooth surface case. Coceal et al. (2007) performed DNS with three-
dimensional obstacles on the surface. They used the study case of staggered field of cubes
proposed by Cheng & Castro (2002a). Two-point correlation of streamwise velocity in vertical
plane showed an elongated (in streamwise direction) pattern tilted upward under a certain angle
what is consistent with Adrian et al. (2000) results. Coceal et al. (2007) also revealed that low
momentum regions (LMR) were rather populated in the roughness and inertial layers. Both
average spanwise thickness and streamwise length of LMR increased with the height above
surface. Linear stochastic estimation (LSE) was executed and a conditionally averaged LMR
surrounded by pair of counter-rotating vortices appeared. They are supposed to be a planar
projection of hairpin legs. Distance between the legs was larger with the height in agreement
with afore-mentioned research.

Coceal et al. (2007) also visualised the three-dimensional hairpin structure with negative iso-
surface of swirling strength. The structure grossly reminds the disturbed and robust hairpin-like
feature - what supports the idea of united dynamics in evolution of hairpin-like structures over
surface of different roughness classes. When attempting to derive for example the iso-surfaces
of swirling strength, we get almost chaotic patterns (Figure 3.9).
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Figure 3.8: Instantaneous horizontal field with low momentum region and couples of counter-
rotating vortices along. Source: Tomkins & Adrian (2003).

However, there is a significant deviation in characteristic scale of the structures above smooth
and rough surface, for example the scale above such a rough surface seems to be several times
larger. Unfortunately, better knowledge about structures in a fully turbulent flow is missing.
Herein, we use a term "rough surface" after Nikuradse’s definition in Pope (2000) for inho-
mogeneous surface with not negligible dimension s of the roughness compared to the channel.
Rough wall produces "fully turbulent" flow, which exhibits extremely complex behaviour.

The transition between the smooth wall and the rough wall in term of coherent structures
is completely unclear. Present DNS computations have been run only with low Re. Moreover,
the results from numerical modelling have not been verified yet by experimental measurements
to the present.

Two different approaches to the hairpin vortex origin evolved from two different experimental
scopes. The groups that are engaged in plant canopy (Gao et al., 1989; Shaw & Finnigan, 2006)
attribute the evolution in a coherent structure to a mixing layer analogy, advanced by Raupach
et al. (1996). After this hypothesis, structure can be created due to an instability in the shear
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Figure 3.9: Iso-surfaces of negative λ2 (red) and low-speed region (blue). Source: Coceal et al.
(2007).

layer above the homogenous canopy. Instability here is a consequence of inflected mean velocity
profile which is so typical above plant canopy. The first sign of the instability occurs as Kelvin-
Helmholtz waves and continues through a flipping over of the waves, forming rolls with spanwise
vorticity. Second approach (e.g. Adrian et al., 2000; Tomkins, 2001; Zhou et al., 1999; Coceal
et al., 2007) is derived from instability within shear layer just above the wall, with streamwise
vorticity as the initial product of shear stress. Coceal et al. (2007) suggested to put a linkage
between the dimension of the structure and the dimension of the roughness.

Hence until now, it is not conclusively established from an experiment whether the coherent
structure of hairpin-like type could evolved above the rough surface, for example an urban area
with street canyons or what is typical scale of the structure with respect to the obstacles. This
thesis will be focused on high Reynolds number and on the rough surface - series of the typical
street canyons.
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Chapter 4

Introduction to Measurement

Technique

4.1 Laser Doppler Anemometry

Laser Doppler anemometry (LDA) is a non-intrusive optical method for measurement of a
velocity in the flow. The laser provides two coherent beams that are deflected by a optical lens
in the LDA probe so they cross each other in the focal point (see Figure 4.1). When particle
moves across this point, it reflects the light. The backscattered light is received by a detector
and consecutively analysed by a processor to evaluate velocity of the particle.

Figure 4.1: LDA scheme (adapted from www.dantecdynamics.com).

4.1.1 Doppler Effect

LDA is based on Doppler effect that describes how beam scattered from a moving particle
exhibits a certain frequency shift from the incoming beam. This shift is called a Doppler
frequency and it depends on a wavelength of the incoming beam, velocity of the particle and
angle between the incoming light and the scattered light.
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The frequency shift is much smaller than the frequency of the original beam. For example,
green light has frequency 5.77× 1014 Hz. Considering the velocity of the particle to be 5 ms−1,
the Doppler frequency would be 2 × 108 Hz. Therefore in a slow motion, it is very difficult to
precisely detect Doppler frequency by spectroscopy. However, using a light source with a very
narrow spectral band in comparison to the frequency shift can overcome the problem. Such
type of source is a laser (Kopecky, 2006).

Typical arrangement for Doppler anemometry uses two original monochromatic (laser)
beams with the same frequency and constant difference of phase angle (Figure 4.1). Thus,
they are coherent and cause the interference in the beams cross-section. The beams are trans-
mitted with a wedge angle of certain value θ. Doppler frequency can be then expressed by

fD =
2sin(θ/2)

λ
u, (4.1)

where is
fD= Doppler frequency
u = vcosβ= projection of particle velocity v within the plane of
interference fringes into the direction perpendicular to the fringe patterns.
β is angle between the velocity vector and interference plane
θ/2= the wedge angle between the beam and optical axis
λ= wavelength of incoming light.

This formula does not depend on a direction of the reflected scatter light. We can arbitrarily
choose the position of the detector with respect to the emitter. In the wind-tunnel laboratories,
the compact LDA device with detector for backscatter built-in is frequently used.

4.1.2 Fringe Scheme

The LDA principle can be described very simply also by a scheme of an interference fringes.
Since the beams are coherent, they produce an interference image in their intersection. The
spacing of the fringes is constant and precisely defined. As particle enters in the measuring
volume, i.e. the fringe area, its surface reflects the light with alternating intensity. The detector
receives a time-series of low and high light intensity with constant spacing, called Doppler signal
or burst signal. From the time between two maxima in Doppler signal the velocity of the particle
in direction perpendicular to the fringes is calculated.

In Figure 4.2, the typical picture of the Doppler signal from one particle is plotted. Two
curves represent two signals detected by two closely located detectors. The signals have enve-
lope according to Gaussian profile of the beam intensity. Frequency signal under the envelope
is proportional to the particle velocity in the direction perpendicular to the fringes. The curve
is also accompanied by a Doppler pedestal, the increased intensity due to a pass-by of parti-
cle through the measurement volume. Since it presents undesired "noise" in the signal, it is
appropriate to remove it. High pass filter can remove this pedestal from the data.

There is also plenty of undesired effects that influence the Doppler signal quality, for example
a non-spherical shape of particle, 3D motion of particle and low signal-to-noise ratio (SNR) of
the signal. Further, two or more particles simultaneously passing the volume can disturb the
signal significantly.

4.1.3 Laser Beam

The transverse intensity in the seldom beam follows the circular Gaussian distribution (Fig-
ure 4.3). The physical edge of the beam d(x) can be defined as 1/e2-th of the intensity value
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Figure 4.2: Upper: Idealized Doppler signal with pedestal. Two lines are from the mutually
closed detectors. Lower: The signal after high-pass filter that removes pedestal. Source: Calvo
et al. (2012).

d
d

Figure 4.3: Laser beam with Gaussian intensity distribution. Adopted from Newport.com.

on the axis (manual, 2006).
The beam focused by front lens exhibits a certain divergence. The beam waist diameter

reaches the smallest value d0 at the focal distance, then diameter d(x) increases with the distance
x from the lens. Also holds that the larger the focal length, the wider is the beam diameter
and the larger is the measuring volume, consequently.

4.1.4 Measuring Volume

When two beams cross each other, the measurement volume gets an ellipsoidal shape. The
dimensions of the ellipsoid are

lm =
d0

sin(θ/2)
, wm =

d0
cos(θ/2)

, hm = d0.

Since the wedge angle β is very small (for our probe β = 5.6), the ellipsoid is greatly
elongated in the direction of the optical axis. It is desired to have a measuring volume as small
as possible, because the elongation deteriorates the spatial resolution of the LDA method. The
length of the ellipsoid can be reduced either by decreasing of the focal length or by increasing of
an expander ratio. Nevertheless, the reducing of the focal length is inconvenient since it shortens
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the distance of measuring volume from the probe-body and thus enhances the influence of the
probe-body on the circumfluent measured flow. Installation of the expander reduces the size
of the measuring volume but it enlarges the size of the probe-body what again influences more
the flow around.

The length, the width and the height of the measuring volume for both colours attained by
our laser system are depicted in the table 4.1.4.

Table 4.1.4: Dimension of the measuring volume of 2-D LDA
Colour Green Blue

wavelength [nm] 514.5 488
lm[mm] 5.24 4.98
wm[mm] 0.26 0.25
hm[mm] 0.26 0.25

Since the volume is rather long in probe-axis direction, in the flow area of high velocity
gradient the bias can be introduced. Fortunately, the intensity on the edges of the measurement
volume is low (i.e. 1/e2 of axial value) and small particles are not able to reflect sufficient
intensity to the receiver. The effective volume of the measuring volume is therefore smaller.

4.1.5 Fringes

Two factors regarding fringes are essential for the correct estimation of the velocity. Firstly,
the number of the fringes should be as big as possible. Typical sets-up produce from 10 to
100 fringes. Our set-up has 50 fringes. Secondly, the intensity of the fringes depends on the
intensity of both the entering beams and their polarizations. The best results are obtained with
equal intensity from both beams and parallel linear polarization.

To enable a detection of a particle with zero velocity or to distinguish the direction of the
moving particle, the beam is split into two lines and Brag cell is introduced into the path of one
beam. Brag cell is a glass cube, where - simply stated - electro-mechanical transducer induces
an acoustic wave propagating through the cube. Wave generates periodic alternation of slow
and high density area what affects index of the diffraction. Proper adjustment of frequency of
acoustic wave with tilt angle of incident laser beam results in high intensity going in first order
of diffraction. Brag cell also adds to the first order diffracted beam a specific fixed frequency
shift, in our case 40 MHz.

Further along on the optical path, original and shifted beams intersect inside the measuring
volume space. Due to the introduced frequency shift, the interference fringe pattern is not static
anymore. It moves with a constant velocity. When using a green light and formerly described
geometry of the probe, the particle with zero true speed will produce Doppler signal of velocity
umin=-206 ms−1. Therefore, all the particles with higher true speed u > umin imprint the
positive Doppler frequency. Calculation then removes the speed of the fringes from the signal
and true speed of particle is yielded up.

Brag cell brings significant improvement in reliability of data. As mentioned Kopecky (2006),
it was found out that particle with velocity of 1/2·umin meets the same number of fringes as
in the static case without frequency shift (50 fringes). For even higher velocity, the number of
met fringes increases. Sophisticated software (in our case Burst Spectrum Analyser software -
BSA) then can better validate the true speed. Hypothetically, the not moving particle recorded
over an infinite period reflects an infinity number of passing fringes. Notwithstanding, particle
extremely rare has all three component of velocity zero, therefore particle often leaves measuring
volume sideways. Three-dimensional motion reduces the real number of the crossed fringes.
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Figure 4.4: Doppler signal with pedestal for various particle size: a) small particle, b) suitably
large particle, c) very large particle.

4.1.6 Photo-multiplier

The backscatter, received by the detector, is transferred through a optical fibre into a photo-
multiplier. Here the photons strike the photocathode and consequently emits an electron thanks
to the photoelectric effect. The electron accelerates trough the chain of dynodes and more and
more electrons are emitted by the secondary emission on each of them. This results in a cascade
of electrons, i.e. the electric current, inside the photomultiplier. Then the electric current is
analysed in a processor.

The typical signal obtained from photomultiplier after one particle reflection is shown in
Figure 4.4. Outer envelope of the burst comes from the Gaussian distribution of the intensity
in the individual beam. The lower boundary depends on the particle size. When particle
is much smaller than the fringe spacing, the signal is correct however it might be very weak
(Figure 4.4a). Size similar to the fringe spacing reflects more light what produces the signal
with better modulation (Figure 4.4b). When particle is larger than the fringe spacing, the part
of particle always occupies some illuminated area. Thus, the level of minimal intensity in the
Doppler signal is enhanced and modulation becomes biased (Figure 4.4c). In this project, the
diameter of the particle is about 1 µm, whereas the fringe spacing is about 5 µm.

If there are several particles present in the volume, a few can contribute by a reflection at ev-
ery moment and increase the overall backscatter in consequence. Since the particles are located
randomly in the space, their contributions would have a fluctuating intensity and envelope of
the Doppler signal will fluctuate as well (Kopecky, 2006).

In the past, Doppler signal (with pedestal filtered out) was transformed into top-hat filter.
The temporal interval between two hats is proportional actually to the spatial distance between
two fringes.

Nowadays, more powerful techniques are used. In this experiment, we used Burst Spectrum
Analyser (BSA) processor by which the signal is transformed via FFT into a power spectrum
and spectral peak is detected (see Figure 4.5). The BSA method has a very good signal-to-noise
ratio (SNR).

4.1.7 LDA Errors

There are several sources of the noise concerning the whole LDA measurement technique. The
sources of the noise are:

Optical noise - caused by an undesired reflection from the surfaces, ambient light (background
noise), incorrect size or shape of particles, multiple particle detection.
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Figure 4.5: The scheme of post-process with Doppler signal. Source: Molki et al. (2013).

Velocity bias - caused by different probability in receiving of fast and slow particles. The fast
particles enter the measuring volume more often. The statistic is therefore biased. This
can be prevent by predefining dead time after each burst while all bursts during the next
dead time will be ignored. The second approach is to define a specific weight factor for
each burst, for example (Arithmetic weighting or Transit time weighting).

Noise generated by the photo-multiplier - not every photon causes an emission of elec-
tron on the photocathode since it is a quantum process. This introduces a certain fluc-
tuation into photocurrent (shot noise). In the inner of photo-multiplier, there is also a
secondary electron noise and a thermal noise.

4.1.8 LDA Data Evaluation

When true velocity from every burst is inferred, the value is sent to the BSA Flow software.
There data are gathered and statistically analysed. Standard calculations involve mean value,
moments, Fourier spectrum analysis and cross-moments from data collected over the full acqui-
sition time.

It is important to make some notes regarding energy spectrum analysis. The burst mode
in data collection means that particles are recorded randomly in time, just as they enter the
measuring volume. However, FFT requires an equidistant time-step in time-series of the velocity
fluctuations. Thus, raw data have to be resampled prior the FFT analysis. It is recommended
to use a new sampling frequency at least twice the expected maximum physically evincible
frequency (or characteristic frequency) in the signal (manual, 2006).

For the resampling process, optimal and easy-to-use is an interpolation method called ’Sam-
ple&hold’ techniques (see Figure 4.6). The interpolation holds the previous value of velocity
until a new velocity value occurs before a new time-step. New sample frequency can be the
mean data rate from the original measurement. On contrary to the other interpolation methods
like linear or spline type, big advantage of ’Sample&hold’ method is concerned the fact that
it does not generate a new (possibly non-physical) data-set. The methods rather copies and
temporally shifts the original one. However, two problems arise from this approach. When
the data rate is locally too high, all values between two time steps but the last one are lost.
When the data rate is very poor inside some interval, the very first value of the section will be
replicated several times. Based on the research of Adrian & Yao (1987), two phenomena are
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Figure 4.6: Example of Sample&hold interpolation technique. Low data rate produces a multi-
replication of certain velocity value, whereas high data rate causes loss of data.

associated with the sample&hold technique application:
Ţ The sample and hold process attenuates the spectrum energy at frequencies higher than
fs/2π.
Ţ The sample and hold process introduces white noise, so-called step noise, over the entire
frequency range of the calculated spectrum.

The attenuation of the high frequencies is caused by the information loss that occurs during
the hold periods. Step noise is created by the random steps that occur when new samples arrive.
According to Adrian & Yao (1987) the step noise is itself low pass filtered above fs/2π.

The increase in the sampling frequency however demands a longer time for processing with
the new data.

According to Kolmogorov, the energy spectrum decays in the inertial subrange with slope
exp−5/3. When carrying out spectrum density from an interpolated time-series, the sam-
ple&hold technique causes attenuation above frequency fs/2π in such a way, that decay law
exponent further increases up to exp−2. Since decay exp−2 can be easily confused with Kol-
mogorov dissipative range, one should carefully check if the deflection from the inertial range is
located just in the frequency fs/2π (interpolation attenuation) or somewhere else (dissipative
range).

4.2 Hot Wire Anemometry

Hot Wire Anemometry (HWA) is based on the convective heat transfer from electrically heated
very fine wire placed in the flow. Any change of the flow conditions affects cooling of the heated
wire and consecutively the resistance of the wire. The changes are almost instantaneously
detected by HWA system. The detailed information about HWA can be found in Bruun (1995).
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In Figure 4.7, full CTA-HWA system is schematically draft. The wire is connected to
the Wheatstone bridge and servo amplifier keeps the balance in the bridge by controlling the
electrical current to the sensor. In case of Constant Temperature Anemometry (CTA), the aim
is to keep a specific variable - temperature of the wire - constant and independent on the cooling
effect imposed by the flow. Output voltage in the bridge can be link through the heat transfer
to velocity and temperature of the flow or the fluctuation in gas concentration.

The heat transfer depends on properties of the ambient medium - e.g. density, viscosity,
thermal conductivity of the medium - and in addition, it depends on parameters of the flow -
velocity, pressure, temperature. Therefore a careful pre-measurement calibration is necessary.

HWA is suitable especially for the low and moderate turbulence intensity. HWA is relatively
cheap device, thus it remains up to now the principal tool in many aerodynamics fields. The
privilege of the hot wire is also high frequency response that can range from 0 to 50 kHz what
would be difficult to achieve with LDA. The size of the probe is distinct from the LDA. The
wire has width in order of microns and length about 1 mm. Each wire is mounted on two
needle-shaped prongs. The number of wire can range from 1 to 3 in order to measure one or
more dimensions (see Figure 4.8). With increasing number of the wires, the complexity of the
calibration method increases while the biased error in reading for one-dimension is decreasing.

HWA as well as LDA has a wide dynamical range so it is capable to measure very low and
very high speed. On contrary to LDA with one measurement point only, multiple wires can be
mounted or even rake of HWA probes can be installed in the wind-tunnel.

Hot-wire anemometers are preferred mainly in the less turbulent flow where they have a low
signal-to-noise (SNR) ratio. In these conditions, the system reaches excellent accuracy. Under
the specific and highly controlled experiment, the accuracy might be 0.2% only. However, in

Figure 4.7: Scheme of the Hot-Wire anemometry measurement technique.
Source: www.dantecdynamics.com.

Figure 4.8: Different versions of wire arrangements for measurement of one, two- or three-
dimensional variable (from the left). Source: www.dantecdynamics.com.
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practical applications, the real precision is about 1%.
The disadvantages of HWA are high error production in very turbulent and complex flow,

where reversal flows occur. Since the wire is rotationally symmetric, the instrument is insensitive
to the direction of the instantaneous flow and true directions are misleadingly read as the
supposed ones. There are no satisfactory compensation techniques for the directional error
in case of stationary probe. Partial solution might be use of Pulsed-wire anemometer whose
description is outside the scope of this chapter.

The probe measures right at the location, therefore a disturbance of the circumfluent flow
by a probe-body cannot be neglected. In some cases, for example in the separation region, the
remote sensing device as LDA is more proper. Another problem could arise from accumulation
of the medium material on the tiny probe. Then, the cleaning and re-calibration must be
executed before measurement continues. Unfortunately, this procedure is very time consuming.

Next major problem with HWA is related to the temperature stability. Even a small change
in the temperature of the medium will result in substantial changes in velocity reading, so the
re-calibration is necessary again. In measurements at very low velocity, a natural convection
from the heated wire might become of importance. Finally, the probe is tiny and very delicate
instrument. The device must be handled carefully. Improper handling by unexperienced oper-
ators is a major source of breakages. Bruun (1995) noticed that by following the strict guide
for manipulation can be number of breakage reduced to one probe per one student per year.

In this measurement campaign, a single-wire probe DANTEC 55P01 was used for the CTA
hot-wire anemometry. The probe has a tungsten wire of diameter of 0.005 mm and of length
of 1.25 mm. The probe was operated by DANTEC Streamline CTA system. The output signal
was then digitalized using the A/D transducer (National Instruments data acquisition system,
maximum sampling frequency 75 kHz, 16 bit).

4.3 Particle Image Velocimetry

One of the most advanced equipment for the experimental research of the boundary layer flow
becomes Particle image velocimetry (PIV). PIV is capable to measure velocity in many spatial
points simultaneously together with a sufficiently large sampling frequency. The principle of
the PIV technique is simply a shooting of the flow situation recorded shortly one after other.
The particles slightly change their positions and from the comparison of these two shots with
a minimum time delay, a moving velocity of the particle can be estimated (see scheme in
Figure 4.9). With typical use of the laser sheet, all the measured points lie inside one plane
and information about the flow field is obtained only from there. This is spatial limitation of
the output from classic PIV system.

4.3.1 Laser

For PIV, the usage of a monochromatic light with high energy density is optimal. The monochro-
matic light guarantees that the light received by a camera is chromatic aberration free. The
high energy density is necessary for a sufficient particle illumination and a good image contrast
in PIV records.

Laser Construction

LASER, the abbreviation from Light Amplification by Stimulated Emission of Radiation was
invented in 1960 by Maiman. Lasers are devices designed to emit a strong, very narrow-
bandwidth and coherent light. The laser consists basically of a specific lasing material, a pump
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Figure 4.9: Scheme of PIV system. Source: www.dantecdynamics.com.

Figure 4.10: Stimulation emission by an incident photon. Source: optique ingenieur.org.

source and a mirror arrangement. The pump source excites the atoms in the laser material and
mirrors allow a oscillation of light between the mirrors.

Principle of Laser

The lasing material could be a mixture of gases, a semiconductor or a solid material of a crystal.
In this project, the solid-state laser is used for PIV measurement technique.

The lasing medium can be considered as a host crystal doped with ions. Ions exist only in
discrete energy states, which are separated by narrow energy gaps. When specific portion of
energy ∆E is applied to a laser matter, the ions are brought to a higher, excited energetic level.
The supplied energy must equal to the difference between the energy levels of the given atom.
Once the ion is excited and its electron occupies a excited level, the spontaneous return to the
ground level will be accompanied by release of the photon with a frequency f corresponding to
the energy difference ∆E = h · f where h is Planck constant. This is called the spontaneous
emission.

If the atom is in the excited state, an incoming light with a specific frequency f can stimulate
an artificial return to the ground state. The released light will have the same wavelength, same
phase, same polarization, spectral characteristic and directional properties as the incoming one
(Figure 4.10).

It is therefore desired to have larger number of ions in excited mode (E2) than in the ground
state E1. This is called population inversion.
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Figure 4.11: Left: Thermal equilibrium causes a distribution of the photons accord-
ing the Boltzmann’s statistics. Right: Population inversion in three-level system.
Source: http://www.gla.ac.uk/.

Population Inversion

According to Boltzmann’s statistics, once the lasing matter is in a thermal equilibrium, the
low energy level will be more populated than the higher energy level (Figure 4.11 - left). The
bigger is an energy gap between two states, the lower number of atoms would be excited. Laser
amplification is therefore not possible in the thermal equilibrium. It is the aim of the pump
to keep as much as possible atoms in the higher energetic level, called conveniently upper laser
level. The essential factor herein is a time for which the electrons remain on the higher orbit.
This time should be much longer then is the transition time to the lower laser level (Figure 4.11
- right).

In an atom shell, there is number of available orbits. Some of them are energetically far from
each other and some of them are very close. Most transitions between orbits show non-radiative
rapid decay, since the transition energy is small enough to be coupled with the vibration of
the crystal lattice. Only a few transitions exhibit frequencies much higher than the highest
possible vibration frequency of the lattice. Thus, these transitions are decoupled from the
lattice vibration and provide a radiative decay with a long lifetime. The upper laser level
should be energetically far enough and metastable to keep electrons as long as possible on it.

The system with only two energy states in the atom (as in Figure 4.10) is rather disadvan-
tageous. The number of transitions from the upper level to the lower level and vice versa is
equally likely. Thus, the lasing material becomes optically transparent for a given wavelength.

Three energy levels seem to be more promising however it was found out that a four-level
system works with less pumping power than the three-level one. Energy achieved from the pump
causes a transition to the pump level E3. This is immediately followed by a fast non-radiative
transition to the upper laser level E2. Here, the electrons remain for a relatively long time. The
energy lost by the non-radiative transition (heat) is meanwhile transferred to the laser lattice.
In four-level system another rapid non-radiative transition is from the lower laser level E1 to
the ground state E0. Lower laser level is therefore not much occupied and population inversion
is accentuated (see Figure 4.12). With electrons remaining on the upper laser level together
with the free lower laser level, the population inversion is achieved quickly and with lower pump

49



Figure 4.12: Simplified energy (left) and population (right) diagram of 4-level laser.
Source: Koechner & Bass (2003).

energy.

Stimulated Emission

Once the strong population inversion is established, the spontaneous emission occurs at random
directions. Some of the spontaneous photons collide with the excited atom causing a stimulated
emission what releases a new light waves together with the older ones. The incident and released
light waves are exactly of the same wavelength, direction, polarization and phase. In other
words, both emission and original radiation have the same directional properties and spectral
characteristics. Stimulated emission is completely undistinguishable from the incident radiation
field. The laser output therefore exhibits extremely high degree of the coherence.

Subsequently, when the emitted waves hit more and more excited atoms, these atoms again
release a new light wave with identical wavelength and phase. As there are billions of atoms
available, this process quickly builds up a stream of light waves with identical properties. The
laser matter works as a light amplifier.

The spontaneous emission generates lights in random directions. Light waves which do not
travel parallel to the axis of the laser are lost from the system. Light waves traveling parallel
to the laser are reflected back by fitting mirrors on the both edges. By proper shape of the
laser material and by careful alignment of the resonator mirrors, we can enhanced the direction
of the stimulated emission of the light along the main axes of the lasing matter. If the laser
rod would have a long cylindrical shape with mirrors located on the edges, the longitudinal
direction becomes dominant. One of the mirrors only partly reflects so the intense light can
transmit through and form a coherent light beam on the output.

Solid State Laser

The first solid-state neodymium-doped laser was discovered in 1961. Comparing to the other
kinds of laser, the solid state laser provides the most versatile and flexible radiation in terms of
output. The solid state laser Yttrium Lithium Fluoride (Nd:YLF) was used in our PIV system.
This type of laser enables to produce high repetition rate of several kHz.
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General properties associated with the solid state laser that are mentioned in Chapter 6 are
listed below. For detailed description of the solid state laser as well as for an explanation of
given terms, please visit Appendix B.

Average output power Majority of solid-state lasers has power output about 20 W. Usually,
the system is continuously pumped, equipped with a Q-switch and a second harmonic
generator (SHG). The continuous laser type with Q-switch and SHG is utilised in this
thesis.

Peak power Peak power of the pulse is three orders of magnitude higher than the average
power. Thus either melting or vaporizing of a material is easy.

Pulse width Solid-state laser can vary the lasing period from continuous operation to the
pulse as short as one cycle between the mirrors. Continuously pumped Q-switched laser
can emit the pulse lasting for a few hundreds nanoseconds.

Pulse repetition rate Continuously pumped Q-switched laser provides a continuous train of
pulses between 5 Hz to 100 kHz.

Spectral range The well-developed neodymium-based lasers (used in this project) have fixed
wavelength of output around 1 µm. Frequency doubling device employed in generators
produces second harmonic, so the output occurs in the visible range (Green colour with
527 nm in this project).

4.3.2 Laser Sheet

PIV uses a thin light sheet for illuminating of the particles. Quality laser sheet is characterized
by a constant thickness and Gaussian transverse profile without holes and hot spots. Espe-
cially, at the mid-range distance of 2-10 m where many measurements take place, the intensity
distribution should be perfect.

Laser itself provides conveniently small beam radius and divergence of the light what is good
precondition for an excellent light sheet.

The essential optical elements for a generating of the laser sheet are cylindrical lenses. A
combination of several lenses is usually required. For example, the diverging lens can be used to
widen the beam. Then the horizontal plano-convex cylindrical lens makes planar sheet which
is further focused by vertical biconvex cylindrical lens into point with the minimum thickness
and the highest intensity.

The thickness of the illuminated domain defines the depth of the field, where all particles
are located close enough to the focal plane of the camera and thus could provide a sufficiently
focused image.

4.3.3 Camera Sensors

Generally, the sensor converts a light into an electric charge. We can imagine a two-dimensional
array of millions of tiny cells, each of them converts a light from small image area (pixel) into
the charge. In PIV system, usually the solid state sensors are used. The most common are
CCD (charged-coupled device) and CMOS (complementary metal-oxide semiconductor).

CCD Sensors

The CCD pixel is built on a photoactive silicon substrate, with lower layer p-doped (i.e. p-
type of semiconductor) and higher layer n-doped (n-type of semiconductor). There is a metal
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conductive gate overlaying the insulating layer (dielectric part), both placed on a silicon surface
(electrode). The area exposed to the light in comparison to the whole surface is rather small,
it takes only 15%. When positive small voltage is applied to metal gate, the holes are pushed
towards the p-layer. The immobile negative ions are left alone in thin insulator/n-layer interface.
The electric field is formed in the semiconductor silicon with local minimum just below the centre
of pixel in the n-type layer.

While these conditions are set-up together with strong cooling of the camera to prevent
natural recombination of the negative ions, the sensors can receive the photon of a proper
wavelength. By the photoelectric effect, the impinging photons generate electron-hole pairs in
the silicon. Holes travel deeper to the p-layer, whereas electrons gather in the electric field
minimum, so-called a potential well. The storage capacity of the well reaches 10 000 electrons
per pixel (Sze & Ng, 2007). The overexposure of one pixel caused a migration of electrons into
neighbouring sensors, what leads to the blooming image.

When speaking about the CCD device, the electric charge is transported across a chip to
the port to be read out. Then, an analog-to-digital converter turns each pixel’s charge into a
digital value. The CCD sensors are specially manufactured to provide a transport of charge
across the array without distortion. This leads to high-quality, high light sensitivity and fidelity
as well as high cost and power consumption of the CCD sensors.

In the devices with the metal gates, 95% of the electron-hole pairs is assigned to photo-
generation. Other processes however contribute to pair generations. The thermal effect in-
evitably produces a fluctuating number of pairs and therefore a fluctuating charge, which is
called a dark current noise. Significant cooling of the sensors array helps to reduce this noise.
The read noise (i.e. shot noise) during the charge-to-voltage conversion is the second source of
the noise. The read noise strongly depends on the readout frequency: the lower frequency, the
lower noise occurs.

CMOS Sensors

Unlike the CCD chip, each CMOS pixel contains its own electronic circuit that allows to indi-
vidually control the readout of each pixel. Several transistors are located just next the pixel,
and since the light is likely to hit transistor instead of photoactive silicon, the light sensitiv-
ity is lower. Also, the long electrical lines are needful to build the sensor array. Considering
the noise characteristic, every switch-on of the individual sensor produces a spike noise, which
additionally contributes to the before-mentioned output noises. However, the manufacture of
CMOS is markedly less expensive compared to CCD and the power consumption is favourably
smaller.

4.3.4 PIV Recording

When considering the CCD sensors, the full-frame version represents the classical form of record-
ing. The sensors are exposed to the light and then by use of a sequential voltage change on
the neighbouring metal gates, charge is in row-by-row fashion transferred to the bottom of the
frame. After each row shift, the charge is converted in column-by-column fashion.

PIV Image Evaluation Technique

The PIV recording technique can be split into two categories:

Single-frame multiply exposed each

Multi-frame singly exposed each
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Figure 4.13: Scheme of cross-correlation algorithm. Source: PIVIT.

The first method does not capture the chronological order of individual exposition. Therefore
a directional ambiguity of vector displacement (direction of the particle movement) remains.
The latter method is technologically more demanding but much easier to handle with.

By multi-frame/single exposure technique we get pair of images of the particle within the
illuminated area recorded by camera. Each particle projects itself on the image as an area of
high intensity I(−→x ) in the first frame or I ′(−→x ) in the second frame, respectively.

The particles are illuminated almost stroboscopically (illuminated for time interval in order
of 100 ns), so they do not produce blurred streaks in the image. The second image is recorded
with a certain time delay ∆t, thus it catches a slightly shifted particle field. The field is also
mildly modified as number of particles escape from the interrogation area after ∆t. Such loss of
the particles is accounted as in-plane loss. Due to natural three-dimensionality of the turbulent
flow, an out-of-plane loss also contributes. Losses of the particles add an additive noise into the
procedure.

The whole recorded area is divided into several sub-domains, called interrogation area (IA).
The aim now is to estimate a displacement shift

−→
d from two time-lagged intensity images in

each IA. One IA should contain around 10 images of particles (or particle clusters) to get a
reliable estimation of the displacement. The best way, how to find this displacement shift

−→
d ,

is to find the match between two images in a statistical sense. Effective way to do so is to
calculate a discrete cross-correlation function of the images intensities.

RII(
−→
d ) = I(−→x )I ′(−→x +

−→
d ) (4.2)

This will yield to a correlation domain RII(
−→
d ) with supposedly one markable peak localized

just at the displacement
−→
d from the centre (Figure 4.13). Since any curvature information is

lost between two frames as well as any acceleration information, this cross-correlation method is
able to reveal an average linear shift only. The interrogation area should be therefore sufficiently
small. In every image, there is inherently noise. The noise can contribute to the correlation
plane and leads to a certain blurring of the correlation peak. It can also create a second strong
correlation peak which causes a bias in evaluation of the displacement shift.

FFT(RII) = S((I) ∗ (I ′∗)) (4.3)

The cross-correlation operation is computationally very demanding. Fortunately, according
to Wiener-Kinchin theorem (Wiener, 1988), the cross-correlation can be determined not only
from spatial domain but also via Fourier transformation what markedly reduces the computa-
tional time. This theorem states that Fourier transformation of the autocorrelation function
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equals to the power spectrum of the intensity field S. Since we work predominantly with
cross-correlation between two non-identical images, the extension of the latter statement can
be useful. In the equation 4.3, FFT denotes fast Fourier transformation S marks the spec-
tral intensity and asterisk ∗ is complex conjugate. Let’s assume that Fourier transformation
of the cross-correlation of two functions is equivalent to a complex conjugate multiplication of
their Fourier transformations (Raffel et al., 2007). So instead of cross-correlation based on the
spatial domain, the two Fourier transformations of the images followed by complex-conjugate
multiplication of the obtained Fourier coefficients and finally, inverse transformation leading to
the cross-correlation plane can accelerate the computational power.

Disregarding the enhancement in computational speed, the FFT based correlation has some
disadvantage in comparison to the direct spatial domain-based correlation. The input data -
image samples - to the FFT correlation is assumed to be periodic so that the signal continually
repeats itself in all directions. This leads to a systematic error in the correlation. Typically,
the high-frequency noise, aliasing or the bias of the displacement vector are introduced. It
was found out by Pust (2000) that the correlation based on FFT preforms poorer in terms of
precision than direct calculation from spatial plane. Despite this finding, the computational
speed is so reduced by FFT that it fully justifies the usage of FFT for PIV processing.

The correlation value is very sensitive to the variation of the intensity field. The brighter
particles contribute strongly while the weaker ones have a limited influence only. If these bright
particles do not coincide with the main flow (e.g. in sharp shear layer), the displacement vector
can be biased or even spurious in result. So the inhomogeneous illumination of the particle field
caused by laser-sheet non-uniformity (i.e. holes and hot spots), irregular particle shape and size
and non-even spatial distribution of the particles affecting the local backscatter give rise to the
large noise in the correlation plane.

This problem can be treated with image pre-processing methods applied before the corre-
lation peak is determined. For example, the background subtraction procedure subtracts the
average intensity background (calculated from whole ensemble) from individual images. Thus,
the background spatial intensity variation is removed. This was frequently used in our post-
processing.

Multiple-passed interrogation scheme suggests an offset of the IA according to main dis-
placement. Wide-spread procedure adaptive correlation or, in other words, grid-refining scheme
combines the multiple-passed interrogation with the variable IA size. It starts with calculation
from several times larger interrogation area than of its final size. Intermediary result works as
input information for the further refining level of IA.

The first step involves the calculation in the large domain where broad dynamical range of
velocities can occur. The displacements over the whole field are derived with a coarse spatial
resolution. Such a field is scanned for the outliers that are then replaced by interpolation
from neighbouring values. The corrected displacements are consequently utilized as the offset
of subwindow (sub-IA) in higher resolution level. The steps are repeated several times until
the desired final IA size is achieved, usually tree iterations are used. The final offset generally
converges to ±1 pixel of the displacement shift.

Sub-pixel Estimation

The correlation peak can be estimated in a sub-pixel accuracy. Going back to the correlation
plane, the narrow correlation peak occupies often a few pixels in plane. Correlation values of
the maximum together with pixels in its neighbourhood can be described by a certain function.
There are several approaches how to fit the peak mathematically, but since the particle images
are supposedly Gaussian, the most favourite approach for fitting the correlation peak is naturally
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Gaussian function (Bastiaans, 2000). Usually, fitting is applied to three values, the maximum
one and two values in the tight neighbourhood in the direction of displacement vector. By this,
the displacement of the image can be evaluated with sub-grid accuracy. The disadvantage is
sensitivity of the method on the noise.

4.3.5 PIV Errors

Uncertainties in PIV measurement or image evaluation degrade the quality of PIV results.
There are two general groups of errors in PIV measuring technique: random errors and biased
errors.

PIV Random Errors

Random errors emerge mostly from the electronic noise in the camera. Good examples are
a dark current noise and a read noise. The dark noise is a consequence of the thermal effect
producing fluctuating charge in CCD sensors. The read noise (i.e. shot noise) emerges during the
charge-to-voltage conversion. Both noises are independent from pixel to pixel and independent
in time.

The in-plane and out-of-plane losses mentioned in Section 4.3.4 strongly contribute to the
noise. The error in the wrong evaluation of the displacement vector participates on random
noise as well. The improper seeding, incorrect setting of the dynamical range, of the size of IA
or correlation method can lead to a significant random noise too.

These random uncertainties affect the instantaneous velocity values in the field. Therefore
in statistic manner, when averaging over time or space, the random errors could naturally
mitigate.

PIV Biased Errors

Biased errors play important part since they affect not only instantaneous values of velocity but
also the statistics of the whole ensemble. Due to their systematic nature, the biased errors do
not attenuate but they are preserved inside the statistics results. Typically, biased displacement
occurs in the field with strong gradient. Even if the mean particle displacement is accounted for
the subwindow offset some particles simply escape from the second interrogation subwindow.
With no use of the windows offset, the particle of small velocity will contribute more frequently
than the fast particle and final displacement would be biased to the lower value.

One interesting phenomena from group of the biased error emerges with correlation proce-
dure. It is called pixel-locking effect. When the particle image is too small, typically below 2
pixels, the displacement shift tends to achieve an integer-pixel value (see Figure 4.14). This
concerns mainly the case of very small particles in the flow or small magnification of CCD
or CMOS camera or large pixel area. According to Overmars et al. (2010), the typical parti-
cle image reaches 6-9 µm. When considering the CCD pixel size to be 6-12 µm and CMOS
pixel size even 20 µm, the particle image receives 0.5-1 pixel. The problem of peak locking
inevitably arises. Incorrect evaluation of velocity becomes evident for sensitive variables like
vorticity, stress or acceleration that can be considerably spoiled. Christensen (2004) investigated
the peak-locking effect on turbulence statistics. Only the mean value of longitudinal velocity
did not exhibit any sensitivity on integer pixel preference in velocity evaluation. RMS shows
a slight distortion for both velocity components. The Reynolds stress, standard deviation of
vorticity and two-point correlation coefficient were on the other hand significantly deviated from
righteous values.
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Figure 4.14: Peak locking effect visible in histogram for U-component. Source: Overmars et al.
(2010).

The peak-locking error is largest for a small displacement. Since the vertical component
often attains small value, frequently less than 0.5 pixel in magnitude, the value is locked toward
the zero displacement. The vertical component is therefore more sensitive to the phenomena.
As Christensen (2004) concluded, with enlargement of the dynamical range of the vertical
velocity the statistics would perform better.

It was generally recommended as the simplest solution to slightly de-focus the camera in
order to obtain particle image diameter bigger than 2 pxs. Nevertheless, in the paper Overmars
et al. (2010), the defocusing has only a limited effect on improvement of displacement calcu-
lation. When particle image diameter of defocused camera reaches 5 px, the peak locking is
somewhat reduced. Stronger defocusing however does not help to further eliminate the peak
locking problem. The process of the camera defocusing can also inconveniently influence the
results from velocity field.

Grue et al. (2004) brings more sophisticated solution that is focused on a continuous dy-
namical iteration of subwindows as an alternative to the more conventional discrete subwindow
shifting where the subwindow is displaced by integer number of pixels. The goal is to obtain a
truly zero displacement. Where a zero-displacement is obtained, there the peak-locking effect
cannot arise.

4.3.6 PIV Data Validation and Correction

Unfortunately, there is plenty of spurious vectors in the evaluated velocity field. Therefore
validation method has to be implemented.

Once the validation and filter out process is applied, the reduction of data bank usually
reaches from 0.1 to 1.5% depending on the quality of the PIV recording (Raffel et al., 2007).
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Validation The algorithm judges the questionable data in the velocity field. Each vector has
to fulfil a certain condition to proceed as a valid velocity vector. Invalid vectors are rejected
from the data set. Sometimes the vector appears as an single false vector surrounded by correct
neighbours. Notwithstanding, in area of strong gradient, the bunch of spurious vector are likely
to occur. Since the most disturbed data are often the most interesting one, several validation
techniques in consecutive way are used. There is a few methods for evaluation of spurious
vectors that were used in our post-processing.

Local neighbourhood validation Most of the validation filters are kind of a local neighbour-
hood validation scheme. It is based on the difference between the questionable vector Ui,j
and n vectors in vicinity [U(n)], where n is number of vectors taken into account, usually
8. If the mean or median value of eight vectors is compared with investigated false vector
and the difference exceeds a certain threshold, the vector is rejected. In specialised liter-
ature, these method are called Median or Mean validation. The trouble part is to choose
a proper threshold, since each part of the field is governed by different dynamics. The
universal threshold applicable on various dynamical regimes would be beneficial. Wester-
weel & Scarano (2005) came up with a slightly modified version called Normalized median
validation where one threshold is successfully used over the range.

The commercial software for post-processing of the PIV data used in the thesis, imple-
mented the median test with a threshold called Coherence filter. However threshold is
not a constant value as in before-mentioned examples but it is defined as the minimum
possible mean cumulative difference between surrounding vectors and their median vec-
tor. In other words, if the investigated vector attains the value of median from bunch of
the vectors in vicinity, the mean cumulative difference in this cluster would be minimal.
Thus, if the deviation of false vector from median vector is larger than the minimal mean
cumulative difference, the vector is clear out from the field.

Range validation has firmly given limit for velocity magnitude or with limits for U and V
components separately.

Peak height ratio filter is based on the ratio between the maximum peak and the first noise
peak.

Signal-to-noise ratio (SNR) is ratio between correlation peak and mean correlation level.

None of these filters is fully sufficient on its own, so the combination of filters applied in suc-
cessive order is common approach among the aerodynamics community. Then the replacement
schemes are introduced.

Replacement schemes Once the vector is cleared out, the holes have to be filled with better
estimation. New estimation of the velocity is again based on the interpolation from the
surrounding vectors. The simplest and proper method is bilinear interpolation, where 4
closest neighbours in the corners of grid are interpolated with the same weight factor.
Slightly more computationally demanding is bicubic interpolation, where kernel of 4x4
around the missing point is taken into account and weight factors are determined by the
distance from the point. It is said that bicubic interpolation provides the ideal combination
of processing time and output quality. Further, all grid points in the matrix 3x3 or 5x5
can be incorporated in calculation and the missing velocity is interpolated with weight
coefficients published for example in (Nogueira et al., 1997).
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Chapter 5

Mathematical methods

Output from all the measurement methods mentioned in the previous chapter is a large data
set. Just a fraction of the data actually provides useful information about flow dynamics. Most
of the data are redundant and come from the chaotic manner of the turbulent flow. In this
thesis, we used several mathematical tools to distinguish important information from useless
one. These methods are capable to detect structures in the turbulence that exhibit correlation
and coherence by some means. Notwithstanding, the mathematical methods always have some
simplifying assumptions, so they do not necessarily catch the physical behaviour reliably. So
they serve as a first clue to identify possible interesting features.

5.1 One-point Analysis

Measurement in one spatial point produces the time-series of a given quantity values and time
information when the values were measured. With LDA or HWA, the time-series usually have
a high sampling frequency and generate an extensive data packet. The time-series can be
sampled with equidistant temporal step, for example when HWA is employed. Alternatively,
it can be obtained in random time instances in terms of burst mode, what is typical for LDA
measurement. For Fourier and Wavelet analysis, it is necessary to re-sample these randomly
measured time-series into an equidistant time-step time-series. The resampling was routinely
executed with sample&hold technique described in Chapter 4. The ordinary statistics like
mean or moments as well as Quadrant analysis were calculated with non-resampled original
(raw) data. Typical methods applicable to one point are following:

5.1.1 Moments

Mean

The first (non-central) raw moment is mean.

X = x =
1

N

N
∑

i=1

xi (5.1)

Variance

The second central moment alias variance is unbiased moment according to equation 5.2. The
fluctuation x′ = xi − x is result of so-called Reynolds decomposition where an one-point time-
mean value is subtracted from the instantaneous reading. If normalising the variance, the
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output will be one.

varx =
1

N − 1

N
∑

i=1

(xi − x)2 (5.2)

Standard deviation σx is positive square root of the variance in Eq. 5.2.

σx =

√

√

√

√

1

N − 1

N
∑

i=1

(xi − x)2 (5.3)

Generally, Normalised central moments of the n-th order are dimensionless quantities, which
are independent on any linear change of scale. They incorporate are defined as

Xmoment =
1

N − 1

N
∑

i=1

(xi − x)n

σn
(5.4)

Skewness

Skewness is a third normalised central moment. It measures the skew factor of the quantity
distribution. The convention defines the skewness of a symmetric distribution (e.g. Gaussian
distribution) to be zero. If the distribution is skewed to the left, so the mean is lower than
the median, the skewness becomes negative. If the distribution is skewed to the right, so the
mean is larger value than the median, the skewness is positive (see Figure 5.1). The skewed
distribution therefore informs about predominant behaviour of the events.

Sk =
1

N − 1

N
∑

i=1

(xi − x)3

σ3x
(5.5)

Positive skewnessNegative skewness

Figure 5.1: Schematic diagram of the skewness. Adopted from Wikipedia (b).

Flatness

Flatness (or historically called kurtosis) is a fourth normalised central moment. Its definition is

Fl =
1

N − 1

N
∑

i=1

(xi − x)4

σ4x
− 3. (5.6)

The subtraction of value 3 on the end ensures that the Gaussian distribution has flatness
equal to zero. The flatness shows whether the distribution is tall and skinny or short and
wide. For symmetrical and unimodal distribution with skewness Sk=0, the flatness provides
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information about "peakedness" or "lack of shoulder" with vaguely defined shoulder as an
area between peak and the tails. The presence of strong tails suggests lots of extreme values
in the distribution (see Figure 5.2). Concerning the wind measured by the anemometer for
example, high positive flatness indicates the number of lulls and strong gusts. Inversely, the
negative flatness witnesses about stable wind without extremes and with distribution confined
to a narrow range around the mean value.

Fl=0 Normal distribution

Fl<0

Figure 5.2: Schematic diagram of flatness. Adopted from functionalvolatility.com.

Cross-moments

Cross-moment at one spatial point is derived from the second moment for two different quantities

x′ix
′
j =

1

N − 1

N
∑

i=1

N
∑

j=1

(xi − xi)(xj − xj)

σiσj
(5.7)

In the boundary layer, the most important cross-moment is combination between longitudi-
nal and vertical velocity fluctuations τxz = u′w′. This value corresponds to the Reynolds stress
with density being unit.

5.1.2 Quadrant Analysis

Quadrant analysis is based on the cross-moment, which is decomposed according signs of the
fluctuational terms. The fluctuations can be determined from well-known Reynolds decomposi-
tion that is based on a subtraction of one-point time-mean value from the instantaneous reading.
Alternatively, instantaneous value can be decomposed by Galilean decomposition based on one-
time-instance spatial-mean. The subtractive term can be an arbitrary value with a physical
sense.

By Quadrant analysis, we get information about particular contribution of a given quantity
from particular quadrants. In this thesis, Quadrant analysis is applied to momentum flux in
order to receive contributions from particular quadrants to the total momentum flux. Definition
of the quadrants, derived for the longitudinal and vertical velocity fluctuations, follows the
convention written by Willmarth & Lu (1972):

• u′ > 0, w′ > 0 1. quadrant - outward interaction

• u′ < 0, w′ > 0 2. quadrant - ejection

• u′ < 0, w′ < 0 3. quadrant - inward interaction

• u′ > 0, w′ < 0 4. quadrant - sweep.
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Figure 5.3: Diagram of the quadrants based on positive or negative signs of the velocity fluctu-
ations.

In Figure 5.3, the quadrants are depicted schematically.
The partial contribution from i-th quadrant τi to the total momentum flux τxz = u′w′ is

obtained from formula of weighted average:

τi =
u′w′

i ·Ni

Ntotal

where u′w′
i means averaged momentum flux within the i-th quadrant, Ni is the number of events

belonging to the i-th quadrant and Ntotal is the global number of events recorded during time
period. In TBL, the sweep and the ejection events play a highly important role. Subtraction
of the ejection from the sweep - δS - provides an information about statistically dominant
momentum flux in the region.

δS = τsweep − τejection .

In the remaining chapter of this thesis, we label the mean values of quantities by operator
for time-average < ... > since it is the only way how to inscribe the time-average operator in
the graphs.

5.1.3 Autocorrelation

Autocorrelation is basically the cross-correlation of a discrete signal from one spatial point with
itself but the ’second itself’ is temporally lagged by τ .

ρxx(r, τ) =
1

N − 1

N
∑

i=1

x′(r, ti)x
′(r, ti + τ)

σx(t)σx(t+τ)
(5.8)

Regarding the autocorrelation of the velocity, the autocorrelation is important tool to de-
termine integral lengthscale Λi(x)=Lix in the TBL, as was mentioned in Chapter 2. The
characteristic time scale of correlated velocity is integral beneath the autocorrelation function
ranging from zero to τ :

∫ τ
0 ρ(r, τ)dτ . τ is a time-lag when the autocorrelation falls to the zero

value. In practice, the autocorrelation does not fall simply to zero but shows a variation around
the zero value, hence it is advantageous to fit the autocorrelation curve by exponential decay
and find the value τ0 when that function reaches ρ(r, τ0) = 1/e as is schematically sketched in
Figure 5.4.

We used C++ program to calculate autocorrelation and evaluate lengthscale Λ by fitting
with exponential decay. The results might therefore differ from other authors which evaluated
τ0 as an intersection of ρ(r, τ) with zero.
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Figure 5.4: Autocorrelation and characteristics of time-lag τ0. Adapted from Kaimal & Finnigan
(1994).

5.1.4 Fourier Analysis

Fourier analysis is a way how to express the original signal by a sum of simple trigonometric
functions. It employs the Fourier transformation. Fourier transformation transforms the raw
signal (presented in time-domain) into frequency-amplitude representation and brings the infor-
mation about frequencies appearing in the signal. Mathematically speaking, general function
can be transform into frequency domain via a Riemann-Stieltjes integral. In Fourier transform
procedure it is basically a convolution of the time-series with series of cosine (and sine) functions
with various frequencies. The well-known prescription of the Fourier transform says how the
raw signal as function of time f(t) becomes a function f̂(ξ) with independent variable frequency
ξ

f̂(ξ) =

∫ +∞

−∞
f(t)e−2πitξdt. (5.9)

When the Fourier analysis is applied to the velocity fluctuation, the square of the Fourier
coefficient |f̂(ξ)|2 corresponds to the turbulent kinetic energy (TKE), if properly normalised.
The square of the coefficient can be plotted against the frequency to get an overview which
frequency contains what amount of the TKE of the flow. This form of representation is called
energy spectral density. If the signal captures stationary process, it is possible to define a power
spectral density, i.e. the energy divided by the acquisition time.

To compute a spectral analysis from velocity time-series within TBL requires validity of
Taylor’s hypothesis of frozen turbulence. In such a case, data are typically taken from higher
elevation, e.g. inertial sublayer, sufficiently far from the surface or the obstacles.
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5.1.5 Wavelet Analysis

The Wavelet analysis applied to a signal with a given physical property reveals the present
frequency and time of its appearance in the signal. The added time information makes from
Wavelet analysis a welcome extension of the Fourier analysis.

Principle of wavelet transformation is to find the best convolution between signal x(t) and
so-called mother wavelet ψ(t). The output is called a wavelet coefficient T .

T =

∫ +∞

−∞
x(t)ψ∗(t)dt. (5.10)

Mother function is not defined rigidly as in Fourier transformation case. Mother wavelet
can be any of square-integrable functions that fulfil a few criteria. We can mention very briefly
three criteria recommended by Addisson (2002).

Wavelet function must have a finite energy, so the integral of the square of the function
is finite

E =

∫ +∞

−∞
|ψ(t)|2 <∞

It has to fulfill the admissibility condition, what for example means that function has to
be centred about zero and quickly falls to zero with t→ ±∞. Function also must have a
zero mean

∫ +∞

−∞
ψ(t)dt = 0.

Admissibility constant Cψ has to be finite and can be determined by

Cψ =

∫ +∞

0
|Ψ(f)|2 df

f
<∞,

where the Ψ is Fourier transformation of the wavelet function ψ according to

Ψ(f) =

∫ +∞

−∞
ψ(t)e−2πiftdt. (5.11)

Since the Fourier transform is reversible, the wavelet function can be obtained back by

ψ(f) =

∫ +∞

−∞
Ψ(f)e2πiftdf. (5.12)

Complex wavelet function (e.g. Morlet) must have a Fourier transform to be real and for
negative frequencies must vanish.

Mother Wavelet Functions

In this thesis, we have focused on continuous wavelet transformation (CWT). We tested two
mother functions suitable for CWT, Mexican hat and Morlet function. Both are frequently
employed in the turbulent flow and have brought out good results. Definition of functions are
in the Table 5.1.5:

Mexican hat (Figure 5.5 - Upper) is popular for its good ability to find so-called ramp-like
pattern in the flow. These patterns were detected in situ measurement above the plant canopy
and are associated with small local microfront (Shaw & Finnigan, 2006). The term microfront
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Wavelet mother function 5.1.5

Mexican hat ψ(t) = (1 − t2)et
2/2

Morlet ψ(t) = π−1/4ei2πf0te−t
2/2.
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−2

−1

0

1

2
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Ψ
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−2

−1
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1

2
Morlet

Time [s]

Ψ
 (

t)

Figure 5.5: Upper: Mother function called Mexican hat (after its shape). lower: Mother
function called Morlet, characteristic angular frequency ω0 = 6 rad.s−1. Both are depicted in
time-domain.

inhere refers to a dynamical event when velocity converges and a sharp gradient is observed
in the several levels inside the boundary layer. Since the passage of a single vortex over the
measurement position imprints the velocity pattern similar to Mexican hat function, it is useful
tool for a detailed detection of individual vortices.

Morlet function (Figure 5.5 - lower) contains more waves and it is therefore more sensitive
for detection of a continuous sinusoidal structure. Especially, the long-time well-developed
waves or series of vortices are nicely recognised by the Morlet function. Since it is complex
function, it has also a real image in the Fourier space what often results in well-arranged plot.
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The complex mother function carries out a complex wavelet coefficient. The absolute value of
the complex wavelet coefficient is modulus, calculated by the Euclidean norm of the complex
number

T =
√

[Re(T )]2 + [Im(T )]2. (5.13)

Complex coefficient can also provide information about the phase θ between the real Re(T (a, b))
and imaginary Im(T (a, b)) part:

θ = tan−1(Im(T )/Re(T )). (5.14)

The Fourier images of both functions are depicted in Figure 5.6. The Fourier image of
Mexican hat has two peaks in frequency symmetric domain. The Morlet function with only one
peak is therefore better defined in frequency.
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Figure 5.6: Upper: Fourier image of the Mexican hat function. Lower: Fourier image of the
Morlet function. Both are depicted in frequency-domain.
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The wavelet function used for the calculation itself is slightly modified to grant more flex-
ibility. Two types of the modifications are used, a dilation and a translation. The dilation
(or contraction) is actually a stretching (or squeezing) of the mother function. It is governed
by parameter a. The translation is simply a movement along the time axis. The parameter b
represents the measure of the translation. The wavelet coefficient T (a, b) is then defines as

T (a, b) = w(a)

∫ +∞

−∞
x(t)ψ∗

(

t− b

a

)

dt. (5.15)

For the transform, the complex conjugate of the wavelet function has to be used, what is
symbolised by asterisk. The weight factor w(a) ensures that the energy contained in the wavelet
function is unity (Addisson, 2002). For Mexican hat, the weight factor is w(a) = 2√

3
π−

1

4 . For

Morlet function, the presumed weight factor is w(a) = π−1/4 but it was experimentally found
out that extra coefficient has to be added.

Wavelet Transformation Graphical Representation

Wavelet transformation output can be expressed into graphical representation. In this thesis,
we tested primarily the signal of the velocity fluctuations. Thus, it is convenient to plot the
turbulent kinetic energy information. This can be done in several ways:

Local energy spectra Local energy spectra represents the turbulent kinetic energy of one
analysed velocity component. It is simply a square of the wavelet coefficient:

E(a, b) = |T (a, b)|2. (5.16)

In case of the complex mother function that produces the complex wavelet coefficient,
turbulent kinetic energy is represented by a square of modulus.

Global energy spectra are local energy spectra integrated over the time axis. The global
energy spectra divided by acquisition time becomes the global power spectral density that
corresponds to Fourier power spectral density. To convert the energy onto the power, the
stationarity of the signal has to be ensured. In the global energy or global power graphical
representation, the information about time is lost.

E(a) =
1

Cψ

∫ T

0
|T (a, b)|2db. (5.17)

Total energy is integral of the global energy over all frequencies

E =
1

Cψ

∫ +∞

0
|T (a, b)|2 da

a2

In this study, the power, square of modulus divided by acquisition time, is carried out to
obtain power spectral density. Power spectra are usually plotted in so-called scalograms. The
scalogram is two-dimensional plot where an abscissa indicates time in second, an ordinate axis
displays frequency in log2 representation in Herz. The colour represents the amount of reduced
TKE (for one velocity component) for particular time and frequency. The name scalogram is
used since the vertical axis displayed the scale a in the past. Notwithstanding, the frequency
f is inversely proportional to the scale a and therefore we can obtain wavelet coefficient as a
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function of the frequency as well. From the practical point of view, it is better to converse the
scale into frequency that is more easily understandable. The conversion follows the formula

f =
f0
a
,

where f0 is characteristic frequency of the mother wavelet. Mexican hat has a characteristic
frequency f0 = 0.251 Hz. For Morlet function, given angular velocity ω0 = 6 rad.s−1 corre-
sponds to f0 = 0.9549 Hz. The scale a is however not the same as Fourier period T coming from
the wavelet transformation in the Fourier space in the Matlab algorithm. There is a coefficient
Fourier factor λa, by which is Fourier period normalised λaa = T .

The relationship between the Fourier period and the scale may be established also exper-
imentally for confirmation purpose. In our experiment, the Wavelet analysis is applied to
sinusoids with several known frequencies and the scale for the energy maximum is recorded.
Fourier factor derived for Mexican hat function is

λa = 3.991.

The experimental Fourier factor slightly differs from the theoretical value, possibly due to a
truncation error and chosen discrete step of the scale a during numerical calculation. The
theory according to Torrence & Compo (1998) is evaluated on

λa =
2π√

2 + 0.5
= 3.974.

For Morlet function, we experimentally received the Fourier factor

λa = 1.035

while theoretic value derived from Torrence & Compo (1998) yielded out as

λa =
4π

ω0 +
√

2 + ω2
0

= 1.033. (5.18)

Computational Procedure

Although we work with continuous wavelet transformation, the measurement technique gener-
ates time-series of discrete sequence of the values x(n). It is therefore convenient to implement
the continuous form of mother wavelet in the discrete version. It means that continuous wavelet
transformation of a discrete sequence from measurement x(n) is convoluted with a scaled and
translated discrete modification of ψ(n). Moreover, it is much more efficient to run the calcula-
tion of the convolution in Fourier space than in the time-domain. The discrete sequence of the
signal and discrete version of wavelet function are transformed on to Fourier space by discrete
Fourier transform (DFT). For the calculation, we adopted Matlab code developed by Torrence
& Compo (1998), modified after recommendation of Ge (2007) and properly normalised by
variance of the signal.

It is worthy to emphasise that there is a certain trade-off between a resolution in frequency
and resolution in time concerning the scalograms. The lower frequencies are better defined
in frequency value but poorly in time, what causes their horizontally elongated shape. High
frequencies are well defined in time and worse in frequencies, so their images are vertically
stretched.

We tested both functions and compared their local power spectra. In the upper picture in
Figure 5.7, there is plotted a test signal, a simple sine with frequency of 20 Hz. Lower left
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Figure 5.7: Upper: Test function representing one single sine. Lower left: Scalogram with
Mexican hat as a mother wavelet. Lower right: Scalogram with Morlet function as a mother
wavelet.

picture depicts transformation into local power spectra by Mexican hat function, whereas lower
right displays Wavelet transformation with Morlet.

Scalogram on the left, where Mexican hat is used, shows two split patterns with narrow
gap in between. This gap localises exactly the place, where test sine function intersects the
zero value. Two up-side-down drop-like spots are results from convolution of the Mexican hat
with both half-waves of the sine. Therefore, The Mexican hat brings precise information about
ramp patterns or sharp changes in the signal. On contrary, there is a certain trade-off with
precise definition of the frequency. The Morlet energetic pattern is apparently and in agreement
with Torrence & Compo (1998) more compact, better defined in frequency but poorer defined
in time.

Another example is function composed of two sine waves, first with 3 Hz and the second
one with 5 Hz plotted in Figure 5.8. The Mexican hat function identifies all the localities where
the sine waves intersect the zero value. Morlet Function on the other hand captures the stable
sinusoids with one compact horizontally elongated spot.

Since normalisation for Morlet function varies from author to author, we introduced our
own normalisation by fitting of wavelet global power spectrum on previously verified Fourier
power spectrum. To demonstrate an example, the global spectra of similar test function were
carried out. Test function is composed of two sine waves, the first half of the signal is covered
by sine with frequency of 3 Hz, the second one has 15 Hz. The frequency of 15 Hz was chosen
to prevent the Mexican hat global spectra from overlapping. As the Mexican hat function offers
a poorer resolution in the frequency, energy from close frequencies is partially overlapped. Test
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Figure 5.8: At the top: Test function representing two sine waves, one with 3 Hz and the second
with 5 Hz. Scalogram with Mexican hat as a mother wavelet. At the bottom: Scalogram with
Morlet function as a mother wavelet.

function and global spectrum from Wavelet and Fourier analysis are depicted in Figure 5.9. For
both mother wavelet functions, the wavelet spectrum is normalised to fit the Fourier spectrum
in the peak at 3 Hz at the least. The normalisation coefficient Cψ = π−1/4 is multiplied by
constant k = 1.35 to fit as well as possible to the Fourier spectrum.

Figure 5.9 illustrates that the fitting process is ambiguous. We can choose arbitrary peak
to fit the wavelet spectra on Fourier spectral plot. To confirm before-mentioned extra nor-
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Figure 5.9: Upper: Test function representing two sine waves, one with 3 Hz and the second
with 15 Hz. Lower: Wavelet global spectra compared to Fourier spectra of the test function.

malisation coefficient as a correct one, we compared the spectra of U-velocity component from
turbulent boundary layer for Fourier and Morlet Wavelet transformation (Figure 5.10). The
black solid line is theoretical curve proposed by Karman. This curve is derived from the mea-
surements inside the atmospheric boundary layer (Kaimal & Finnigan, 1994).

All in all, Morlet output is more inspectional and less messy than the one from the Mexican
hat function. This could be welcome during the analysis of very complex flows (like TBL flow)
which yields out very "chaotic" scalograms. Notwithstanding, their magnitudes of the power
reach the same values and furthermore, the global spectral characteristics collapse into each
other (Figure 5.9).
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Figure 5.10: Comparison between Fourier and Wavelet spectrum for normalisation purpose.

Cone of Influence

Since we deal with finite-length time-series and the Fourier transform assumes that data are
cyclic and thus infinitely long, the error occurs at the beginning and on the end of the sig-
nal. Partial solution can be to pad the end of signals with zeroes before Fourier and Wavelet
transformation and afterwards remove the zeroes.

Padding of the signal end by zeroes to obtain total length N of next higher power of two will
conveniently speed up the Fourier transform. On the other hand, it introduces a discontinuity
at the endpoints. With larger scale a implemented in the Wavelet, the larger part of the time
from the edges, so called e-folding time, is unreliable in terms of peak intensity. The cone of
influence (COI) is drawn by the black line and confines the area, where edge effect becomes
important and causes a drop of the wavelet power by a factor e−2.

Interpretation

Regarding the interpretation of the wavelet results, the scalograms can provide frequency and
time information of a highly energetic event in the flow since it is clearly readable from the
scalogram when "it happens" and what frequency "it happens" with. Thus, one could get a
deeper understanding about particular frequencies appearing in the flow and the time of their
emergence - or perhaps duration of the events.

Notwithstanding, the shapes of particular power patterns are often blurry, very individual
and lacking any united repetitive shape across the scalogram. It is therefore difficult to under-
stand the meaning of the detected events. Therefore we carefully compared scalograms with
series of snapshots recorded during PIV measurement. Then we attempted to establish a link
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between the spots in the scalogram and the vector field in the snapshots.

5.2 Multi-point analysis

5.2.1 Cross-Correlation

Cross-correlation is similar to the autocorrelation, only two different signals from two differ-
ent locations enter the calculation. The cross-correlation can be also time-lagged by τ . The
normalised cross-correlation coefficient is calculated by formula

Rxx(dr, t) =
1

N − 1

N
∑

i=1

x′(r, ti)x
′(r+ dr, ti)

σx(r)σx(r+ dr)
. (5.19)

5.2.2 Frobenius Norm

Frobenius norm is basically compatible to the Euclidean norm. Sometimes it is referred also
as Hilbert-Schmidt norm on Hilbert space. Frobenius norm of the matrix A with size m× n is
defined as

||A||F =

√

√

√

√

m
∑

i=1

n
∑

j=1

|aij|2. (5.20)

When comparing two matrices in order to achieve the measure of mutual similarity, for
example when we want to compare original velocity matrix U0 and modified matrix U1, it is
convenient to implement the Frobenius norm into formula for deviation ε

ε =
||U0 −U1||2F

||U0||2F
. (5.21)

5.2.3 Velocity Tensor Derivatives

As mentioned in Chapter 3, the velocity derivatives are helpful tools for visualising the dynamic
patterns in the turbulent flow. Especially, to detect a rotational motion is of primary concern
for many researchers. The rotational motion is accompanied by low pressure in the centre
of rotation. Since the rotational structure are rather of small scale and quickly emerges and
decays due to the interaction with the environment, the high spatial and temporal information
is desperately needed to allow proper detection and analysis. Unfortunately, there is no spatial-
temporal information about pressure from PIV, only the velocity vectors are at disposal. Hence,
several techniques resulting from a velocity gradient tensor were developed in order to localise
the vortical structures. The full velocity gradient tensor is defined as:

Jij =
du

dx
=





∂u
∂x

∂v
∂x

∂w
∂x

∂u
∂y

∂v
∂y

∂w
∂y

∂u
∂z

∂v
∂z

∂w
∂z



 . (5.22)

This tensor can be simply decomposed into a symmetric part Sij and an antisymmetric part
Aij :

Jij = Sij +Aij,
Sij = (Jij + Jji)/2,
Aij = (Jij − Jji)/2.

(5.23)
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Symmetric part Sij represents the rate-of-strain tensor. The diagonal terms means elongational
strain along the axes. The off-diagonal terms determine the shear stress.

Sij =
du

dx
=
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. (5.24)

Antisymmetric part Aij is rotation tensor, containing the vorticity components only.

Aij =
du

dx
=
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. (5.25)

Concerning the desired detection vortex, the definition introduced by Robinson (1991) is
actually inconvenient since it is self-referential. It assumes the a priori knowledge of the ref-
erence frame, i.e. the convective velocity of the vortex core, and an orientation of the vortex.
The separation of shear and strain tensor from rotation tensor becomes useful when we adopt
more general vortex definition suggested by Chong et al. (2004): The vortex core is a region of
space where the vorticity is sufficiently strong to cause the rate-of-strain tensor to be dominated
by the rotation tensor. The implementation of the velocity gradient tensor is Galilean invariant
and therefore this definition is much more of practical use.

With PIV system, usually planar velocity information can be achieved. With stereo PIV
system, although all three velocity components are recorded, still the lowest row in the ten-
sor cannot be determined. In our measurement campaign, the planar PIV was used and two
velocity components - longitudinal and vertical - was measured and therefore only the lateral
(out-of-plane) component of vorticity and strain in the XZ plane is possible to evaluated.

For the purpose of this thesis, four velocity derivatives are evaluated:

Vorticity The vorticity is related to the circulation in the vector fields u by Stokes theorem:

nω = n · ∇ × u = lim
S→0

1

S

∮

u · dl,

where S is surface surrounded with the path l and n is an unit vector normal to the surface
S. The lateral component of the vorticity ωy is the only possible information from XZ vector
field.

ωy =
∂u

∂z
− ∂w

∂x
. (5.26)

The ωy in grid position [i,j] was calculated in Matlab by means of the Stokes theorem, following
prescription

ωy,ij = 1/(8 ∗ 4x ∗ 4z) ∗ (4x ∗ (ui−1,j−1 + 2 ∗ ui,j−1 + ui+1,j−1)
+4z ∗ (wi+1,j−1 + 2 ∗ wi+1,j + wi+1,j+1)−4x ∗ (ui+1,j+1 + 2 ∗ ui,j+1

+ui−1,j+1)−4z ∗ (wi−1,j+1 + 2 ∗ wi−1,j + wi−1,j−1)),
(5.27)

where 4x and 4z is grid step in longitudinal and vertical dimension from PIV plane. Al-
though the vorticity detects the area where curved motion occurs, it is not able to recognise
a shear stress from a rotational motion. Fortunately, another derivatives, for example swirling
strength and lambda-2, successively discriminates shear area and emphasises true vortical mo-
tions.
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Swirling strength The swirling strength λci means imaginary part of complex eigenvalue of
the velocity gradient tensor. The velocity gradient tensor can be re-expressed by eigenvalues
and eigenvectors in Cartesian coordinates as

∇u = Jij = [vrvcrvci]





λr 0 0
0 λcr λci
0 −λci λcr



 [vrvcrvci]
T , (5.28)

where λr is a real eigenvalue linked to eigenvector vr and complex conjugate pair of eigenvalues
λcr ± iλci corresponding to eigenvectors vcr ± ivci.

Swirling strength is defined as imaginary part λci of the complex eigenvalue. If there is
no lateral velocity information and no ∂ui

∂y , according to Manual (2008) the tensor will become
simpler and λci can be directly derives from

λ2ci =
1

4

(

∂u

∂x

)2

+
1

4

(

∂w

∂z

)2

− 1

2

(

∂u

∂x

∂w

∂z

)

+

(

∂w

∂x

∂u

∂z

)

. (5.29)

Positive value of λci indicates vortex, negative only a shear area.

Q-criterion Q-criterion is another scalar based on velocity tensor derivatives, developed
by Hunt et al. (1988). Q-criterion is closely related to lambda-2, since both are derived from
Navier-Stokes equations. The characteristic equation for Jij can be rewritten using the eigen-
values from velocity gradient tensor together with so-called three invariants P,Q,R:

λ3 + Pλ2 +Qλ+R = 0; (5.30)

Q is the second invariant and might be re-expressed calculated by means of tensors Sij and Aij
as

Q =
1

2
[‖A‖2 − ‖S‖2]. (5.31)

where ‖S‖ = [tr(SST )]1/2 and ‖A‖ = [tr(AAT )]1/2.
The Q implies the local balance between shear-strain rate and vorticity. When Q > 0,

the rotation dominates the strain and shear, what defines the vortex. Inside the vortex core,
the Q reaches maximum. It is important to emphasise, that positive Q does not ensure that
pressure in the vortex centre would be lower than ambient pressure since unsteady straining
can also create a pressure minimum (Jeong & Hussain, 1995). However, Q-criterion is free from
the problem near the wall that are associated with vorticity. To visualise rotational motion,
iso-surface of positive Q might be plotted. Unlike the positive λ2, the negative Q values point
out the shear layer area. Negative value can be discard rom the visulatisation to provide a
better overview.

In this 2D measurement campaign, the Q-criterion was calculated directly from simplified
formula:

Q =

(

∂u

∂x

∂w

∂z

)

−
(

∂w

∂x

∂u

∂z

)

. (5.32)

Lambda-2 λ2 represents second eigenvalue of special symmetric tensor Rij derived from the
velocity gradient tensor via symmetric Sij and antisymmetric tensor Aij.

Tensor Rij is a result of applying the gradient on Navier-Stokes equation followed by a
decomposition of the velocity gradient tensor on the symmetric and the antisymmetric part.
The procedure is described in Jeong & Hussain (1995). When removing the antisymmetric part
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out of the equation, the symmetric part together with viscous remains. Discarding the viscous
and the unsteady strain effect from the symmetrical part results in condition

Rij = SijSji +AijAji = −1

ρ
∇(∇p). (5.33)

This tensor Rij is real and symmetric, so all 3 eigenvalues will be real and they can be sorted
so

λ1 ≤ λ2 ≤ λ3.

If the investigated area is occupied by vortex with a pressure minimum, at least two of the
eigenvalues are negative. The condition for detection of the vortical motion is simply that

λ2 < 0.

Local negative minima of the λ2 can be considered as a rotational region. The positive value
of λ2 lacks a direct physical interpretation.

5.2.4 Proper Orthogonal Decomposition

Aubry et al. (1991) concluded that spatial-temporal intermittent events should manifest itself
as a coherent structure. They suggested if the coherent structures are inherent part of the
turbulence, two possible attitudes can be assumed about turbulence-structure linkage. Firstly,
the coherent structures could be responsible for generation of the turbulence or the seldom
presence of turbulence enables to form a coherent structure. One way or another, the former
concept of turbulence to be "a pure random process is overcome" (Aubry et al., 1991).

Generally, the problem with coherent structures is that not solely temporal but also spatial
intermittency has to be considered. Hence, the only temporal data available from easy-to-handle
one-point measurement are useless. Moreover, the individual structure "communicates" with
the other and the spatial extent to be taken into account is of rather large dimension.

The coherent motion can occupy much larger region than suggested by the distribution of
areas with large gradient or rotation mentioned in 5.2.3. Vertical extent of the organised motion
is limited only by the thickness of boundary layer and in horizontal direction it may cover the
whole test area. Therefore, another approach was developed for the detection of coherency in
the turbulent flows.

It is known as proper orthogonal decomposition (POD). It was proposed as a tool for de-
tection of the large organised motions by Lumley (1967). By this, Lumley (1967) re-described
a virtual turbulent chaotic function into deterministic functions with random coefficients. The
procedure is based on assumption that deterministic functions mathematically define the coher-
ent structures in the flow as the most probable features. We can consider some dynamic event
in the flow in a way that we separate from the whole signal only the part assigned to the event.
Statistical average for the event should be time-invariant and thus statistically representative.

The method is also used under several other names like Karhunen-Loeve decomposition,
principal component analysis (PCA), empirical orthogonal functions (EOF) or singular value
decomposition (SVD). Differences between these alternative variants are rather minute as con-
cluded Liang et al. (2002).

POD is a linear method applied to a non-linear problem. For understanding its mathematical
background, useful introduction to the PCA variant may be found in Shlens (2005) or Smith
(2002). Mathematically comprehensive studies and general overview of application of POD
(or the similar method BOD) are also published in Aubry et al. (1991); Berkooz et al. (1993);
Nobach et al. (2007).
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POD can be applied both to experimental data (Hilberg et al., 1994; Hertwig et al., 2011)
as well as to numerical simulations (Sen et al., 2007). It actually provides a valuable tool for
comparison of numerical modelling and physical experiment.

The input may be an arbitrary physical quantity. In each case POD always evaluates the
maximum projection of the fluctuations of the investigated quantity in the statistical sense (see
Figure 5.11).

Figure 5.11: The schematic picture of the Gaussian scatter and its POD projection (modes =
rotated vectors) to maximize variance in statistical sense. Source: Wikipedia.

Simply stated, POD re-expresses the original data into a new, orthogonal basis {θm}. It is
thus possible to describe every value of instantaneous velocity fluctuation at an instant of time
u′(x, t) by a set of new vectors θm and corresponding expansion coefficients am, where m=1, 2,
...M.

u′(x, t) =

M
∑

m=1

am(t)θm(x), (5.34)

θTmθn = δmn, (5.35)

corr(am, an) = δmn. (5.36)

The basis meets the orthogonality and normality criteria, so that each vector is perpendicular
to the others and is properly normalised. In the case of POD, this basis is not chosen a priori
as in Fourier or Wavelet analysis. The orthogonal basis actually depends on the input data.
More precisely, the basis is formed from the eigenvectors of correlation matrix calculated from
the original data U.
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The basis is optimal in the sense of its expansion converging faster than other possible
representations (Berkooz et al., 1993). Expansion coefficients am are then projection of original
data onto the new basis.

Considering data matrix as U =MxN with M rows and N columns, where M is the number
of positions in each snapshot and N is the total number of snapshots, classical POD approach
computes the correlation matrix C = MxM from the matrix U, where each element cij is
correlation coefficient between the velocity time-series in i and j positions of the street canyon.

For the correlation matrix C stays:

C =
1

N − 1
UUT (5.37)

Cθm = λmθm m = 1, 2, ...M ; (5.38)

where the factor 1/(N − 1) is used for unbiased normalisation, θm is m − th eigenvector or
alternatively the m − th POD mode. POD modes are a function of space, not of time. The
m − th eigenvalue λm corresponds to m − th POD mode and contains an information about
the contribution of the m− th mode to the total turbulent kinetic energy (TKE). Re-ordering
of the eigenvalues in descending order

λ1 > λ2 > ... > λM (5.39)

reveals the most dominant modes in the flow. These modes are supposed to be coherent and
containing the largest portion of TKE. Value λm represents the contribution to the TKE. There
is ongoing discussion whether its value is explicitly the value of TKE or, more carefully stated,
whether it provides a relative contribution to the TKE of the flow (Nobach et al., 2007). In the
present paper, we follow the latter approach and consider the particular value of λm as fraction
of total TKE. The importance of each eigenvalue is then expressed by its relative contribution
to the sum of all eigenvalues.

Π =
λm

∑

λm
∗ 100% (5.40)

The eigenvector θm(x) describes the spatial distribution of the coherent mode in the flow. Each
mode has its own weight function that is function of time, represented in equation (5.34) as the
expansion coefficient am(t).

The number of spatial positions is usually much larger than the number of snapshots and
this makes the computations very demanding. Therefore, Sirovich (1987) modified the classical
POD algorithm into the faster variation called snapshot POD. The snapshot version essentially
decreases the computational effort as it operates with correlation matrix of C = NxN elements
rather then C = MxM . The final number of modes θn is thus N. We used the snapshot
algorithm as well. Very nice description of both versions of the POD implementation - classic
and snapshot - can reader find in Hertwig (2009).
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Chapter 6

Experimental Set-up

Two experiments were conducted in two facilities of the Institute of Thermomechanics (IT).
The first one served as preparation for the main campaign and was performed in the standard
wind-tunnel. In this wind tunnel, the atmospheric boundary layer of the flow generated by the
model was investigated and the turbulent parameters were evaluated.

The main measurement campaign was conducted in the small wind-channel. Here, the
temporally-spatial measurement of the flow dynamics by means of TR-PIV was performed with
the model identical to one used in the wind-tunnel. The PIV campaign had to be done in
wind-channel since the tunnel-construction did not enable a PIV set-up to be used therein.
The wind-channel has a big disadvantage regarding its very small size.

6.1 Wind-tunnel Experimental Set-up

Wind-tunnel construction

The wind-tunnel of IT is an open-circuit aerodynamic tunnel located in countryside nearby
town Novy Knín. The tunnel has a 20.5 m long developing section. Its first half is smooth,
providing a naturally developed boundary layer. The second half has spires at the entrance and
the floor is covered with spires and roughness elements. The tunnel continues into the 2 m long
test section with cross-dimension 1.5 m x 1.5 m.

The tunnel construction is bent at three places along its length (see Figure 6.1). The
first two bends are centrally symmetric with respect to the developing section. The first one
turns the vertical flow at the mouth of the tube into a horizontal flow. The second bend is
located downstream of the test section, changing the horizontal direction back to the vertical
one. The last bend veers the wind by 90ř to the left and carries the air out of the tunnel.
The fan is installed on the very end of the tunnel. Upstream of the developing section, seven
semi-permeable windscreens are installed.

The test section is equipped with a 3-D traverse system with a step precision of 1 mm.
We use a Cartesian coordinate system with the longitudinal axis (X) in the direction of main
flow, the lateral axis (Y) perpendicular to X in horizontal plane and with positive values in
the right-hand side of the tunnel (when looking in the flow direction) and the vertical axis (Z)
perpendicular to X-Y plane and pointing upwards. The origin of the coordinates lies in the
centre of the test section. The respective mean velocities are denoted by U, V and W. The
fluctuations are labelled as u′, v′ and w′.
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Figure 6.1: Schematic of the open-circuit wind-tunnel IT.

6.1.1 Wind-tunnel Model

Approach boundary layer flow The spires and the rows of the roughness elements were
evenly arranged over the second part the developing section in order to generate a proper
approach boundary layer. Design of the elements and spires is drafted in Figure 6.2. The longi-
tudinal gap between the spires and every two elements rows is kept to 250 mm (see Figure 6.3).
There are 31 rows of roughness elements deployed downstream of the spires, then the model of
the street canyon starts. The canyon model itself is long 4.2 m.

Model of the street canyons The street canyons are arranged to be strictly perpendicular
to the approach flow. In this way, we intended to reduce the inherently 3-D turbulent flow as far
as possible into two dimensions. Notwithstanding, the lateral velocities cannot be suppressed
completely.

Two geometries of the street canyon model are used for comparison purposes - triangular
and flat shapes of the building roofs (Figure 6.4). Both represent many rows of street canyons
with aspect ratio H/W of building height H=50 mm and street width W=50 mm equal to unity.
The models are scaled down by 1:400. In the full scale the width and the height of the canyon
attains 20 m. The reason why we chose such a scale is explained in Chapter 7.

The first type consists of a 30 mm high building body with a 20 mm high pitched roof (PR).
The top vertex angle of the pitched roof is 103ř. Roof aspect ratio which considers the height
of the roof R with respect to the street width W is R/W = 0.4. The second model is composed
solely of 50 mm high buildings with flat roofs (FR).

Model Morphology In agreement with Britter & Hanna (2003), the street aspect ratio
belongs to a so-called skimming regime where the main flow skips over the top of the obstacles.
Important parameters are also the dimensionless frontal area λf and dimensionless plan area
λp (Grimmond & Oke, 1999). The meaning of both parameters is explained in Chapter 2. Just
to recall, λf is the ratio between the frontal surface (i.e. frontal-view projection) area Af of
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Figure 6.2: a) Design of the spires. b) Schematic of first two rows of roughness elements with
horizontal platforms (from total of 31 rows downstream).

the buildings and the total surface area AT . λp is fraction of the plan area of the model (i.e.
top-view projection) relative to the total surface area AT . In our case λf= Af/AT equals 0.5
and lies in the interval for downtown areas. λp= Ap/AT is equal to 0.5 as well.

The aerodynamic blocking coefficient derived as a fraction of model frontal area to tunnel
cross-sectional area is 3.3%. This fulfils the criterion of the blockage to be lower than 5%
( ASCE (1995)).

Development of Internal Boundary Layer When the approach flow generated by spires
and roughness elements from Figure 6.2 reaches the street canyon model, a new internal bound-
ary layer with different properties starts to develop from the surface upward. Both models
(PR and FR) are configured from 42 rows of the canyons. The measuring position is inside
the canyon that is located 32 rows (precisely 3.225 m) downstream from the model leading
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Figure 6.3: Left: Design of the spires and roughness elements along the developing section.
Right: Photograph of the spires and elements in the wind-tunnel. The tube in the left wall is
the inlet for seeding particles.
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Figure 6.4: The models of street canyons with pitched (left) and flat (right) roofs in the wind-
tunnel. The geometry of the building shapes is in the upper part.

edge. According to Cheng & Castro (2002b), the position of the measurement has to be located
sufficiently far from the model leading edge to provide a long fetch for development of a fully
turbulent internal boundary layer. The distance depends on the roughness length z02 of new
surface beneath the internal layer (the street canyon model in our case). Beyond this distance,
from model front, the roughness sublayer (RS) is developed properly up to its upper boundary.
Even further downstream, the full depth of the inertial sublayer (IS) can be reached. The fetch
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required for equilibrium to reach top of these two sublayers, using various definitions of the
equilibrium layer, is suggested by Cheng & Castro (2002b) in Table 6.1.1.

Table 6.1.1: Downstream fetch for equilibrium IBL
Velocity change in [%] Top of RS Top of IS

10% 166z02 801z02

With the velocity deviation criterion considered as 10%, the required fetch for proper de-
velopment to the top of the RS has to be 166z02. For the inertial layer (IS) we need at least
801z02. For street canyons, the distance of the upper IS boundary is established to be 3224
mm (64H in horizontal direction). The measurement position was chosen to be at this location,
precisely 3225 mm downstream from the model front. The proper development of turbulence
was checked by measuring velocity profiles along a longitudinal axis in the test section.

The inlet wind speed on the tunnel axis is 3 ms−1. The Reynolds building number defined
at elevation 2H=100 mm is for flat and pitched case:

Re2H,F lat =
U2H .2H

ν
= 10400.

Re2H,P itched =
U2H .2H

ν
= 11500.

6.1.2 Measurement Device - LDA

Since the PIV system could not be used in the wind-tunnel, the measurements were carried
out using a two-dimensional fibre-optic laser Doppler anemometer (LDA). A probe with focal
length of 400 mm was inserted into the flow field with a reflector and aerodynamically shaped
head mounted on it. This setting allows measurement of two velocity components (longitudinal
and vertical) with the probe parallel to the main flow what reduces the undesired circumfluence
of the probe body (see Figure 6.5). The lateral distance between the probe and the measuring
point was 350 mm. Seeding was provided by oil droplets added to the main flow as a passive
contaminant. The droplets have a mean radius of 1 µm.

The data rate of the LDA reaches to about 100 Hz inside the canyon (Z/H<1), to 300 -
600 Hz in the middle part of the boundary layer (1<Z/H<7) and reduces to the 150 Hz at the
highest elevations (Z/H>8). The reduction of data rate is due to a poor availability of seeding
droplets in those regions that are vertically too low or too high. The acquisition time is 180 s
for a lower data rate and 150 s for a higher data rate. The data rate is based on the operation
in coincidence mode, i.e. the horizontal and the vertical velocity components are measured
simultaneously.

Measurement error is caused mainly by natural changes in the density and moisture of
the atmospheric air sucked into the open-circuit tunnel, the differences in the sizes of the oil
droplets, and, thus in their sedimentation speeds, and perhaps, the fluctuations of both the fan
speed and of the outdoor wind speed. The total error was estimated from repeated velocity
measurements at the same point and with the same tunnel setting.

The parameters of the LDA are listed in Table 6.1.2.
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Figure 6.5: Photograph of the street canyon model with pitched roofs in the test section of the
wind-tunnel with LDA probe installed.

Table 6.1.2: Laser Doppler anemometry
Laser Continuous Argon-Ion model 165

Laser power 1.5 W
Frequency shift 40 MHz

Number of velocity components 2
Colour (wavelength) Green (514.5 nm), Blue (488 nm)

Probe lens focal length 400 mm
Probe beams initial separation distance 39.01±0.02 mm

Beam diameter 1 mm
Measurement volume dimension 5.24 x 0.26 x 0.26 mm

Fringe spacing 5.15 µm
Fringe number 50

Processor 62N40 BSA F 60 Flow Processor
Data rate 300 - 600 Hz

Acquisition time 150 - 180 s
Total error for quantity Component U - 3.2%

Component W - 8%
STD U - 3.4%
STD W - 3.4%
< u′w′ > - 7.8%
TKE (reduced) - 2.2%

6.2 Wind-channel Experimental Set-up

6.2.1 Wind-channel Construction

The second experiment was performed in the open-circuit wind-channel. The channel test
section has dimensions of 0.25 m x 0.25 m in the cross-section and 3 m in the longitudinal
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direction (Figure 6.6). The fan and following contraction part are installed approximately 3 m
upstream of the test section entrance. The main axis of the channel is established as X, the
lateral one as Y and the vertical as Z, respectively. The corresponding velocity component in
the X-direction is labelled U, in the Y-direction V and in the vertical Z-direction W.

Figure 6.6: Photograph of the wind-channel in the laboratory with the model inside the test
section during measurement with HWA.

6.2.2 Wind-channel Model

The channel floor in the test section is covered by parallel street-canyons that are identical to
those used in the wind-tunnel. Since the channel is only 3000 mm in length, the longitudinal
dimension is necessarily reduced to 3000 mm and the lateral dimension is reduced to 250 mm
(see Figure 6.7). The number of canyons fitting into the channel test section becomes, therefore,
30. The canyons are, again, arranged to be strictly perpendicular to the approach flow. Since
there is no development section in the wind-channel, no spires and roughness elements can be
used. The model of the street canyons starts just downstream of the contraction part.

The aerodynamic blockage coefficient derived as a fraction of model frontal area to the
channel cross-sectional area is 20%. This does not fulfil the criterion of the blockage to be a
maximum of 5%. The upper part of BL has no room for proper development.

Unfortunately, to down-scale the model properly would mean losing the spatial resolution
attainable from the PIV. There is a certain trade-off between the blockage coefficient and the
information available from PIV measurement. Since the aim of the project was to investigate
the dynamics inside the street canyon in detail, we eventually preferred to obtain the highest
possible spatial resolution from the PIV measurements and to neglect the effect of blockage
inside the wind-channel assuming that we will measure only at very low elevation, i.e. within
the urban canopy layer.

The required fetch for the internal boundary layer to reach the top of RS is based again on
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the 10% of velocity deviation. The corresponding fetch is found to be 668 mm. The central
point of the illuminated (measured) area is localized 2025 mm downstream from the model
channel inlet.

6.2.3 Measurement Device - Hot Wire Anemometry

Measurements were performed by two devices. Firstly, the basic quality of the BL was in-
vestigated by means of single-wire-probe Hot Wire Anemometry (HWA). The HWA was used
since no LDA was at disposal at the wind-channel laboratory. The parameters for the HWA
are listed in Table 6.2.3 below. The device was calibrated in a special calibration channel a
priori the measurement campaign. This special channel is different from the one where the
PIV measurement was executed. With the constant-temperature anenometry (CTA hot-wire)
we measured profiles of the mean U-velocity component in three consecutive street canyons
with the intended measurement position being in the middle canyon.

Table 6.2.3: Gold-plated Dantec 55 P01
Type of HWA Single-wire CTA

Sampling frequency 25 kHz
Measurement area 5 µm × 1.25 mm

Acquisition time 30 s
Total error Component U - 1.03%

The inlet wind speed on the channel axis is 5 ms−1. This is the lowest wind speed attainable
for this facility. The reference velocity above the measurement position is different in the flat
roof case and in the pitched roof case. Each model generates a slightly different internal layer.
Since the upper boundary of the internal layer was affected by the channel ceiling and the
wind speed decreases in the proximity to the wall, we decided to consider the highest velocity
observed in the vertical profile to be the reference velocity. This reference velocity was 7.6 ms−1

for the pitched roofs and 7.1 ms−1 for the flat roofs.
The Reynolds building number is

Re2H,F lat =
U2H .2H

ν
= 41500,
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Re2H,P itched =
U2H .2H

ν
= 38200,

derived from the velocity U2H at twice the height of the building H and from the kinematic
viscosity ν.

6.2.4 Measurement Device - Particle Image Velocimetry

Me
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Figure 6.8: The view of the wind-channel with model. Green area denotes the region illuminated
by the laser sheet.
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Figure 6.9: Photograph from the TR-PIV measurement campaign.

In the wind-channel, the measurement campaign was conducted using Time-Resolved Par-
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ticle Image Velocimetry as described in Chapter 4. PIV provided 2-D snapshots of the instan-
taneous velocity vectors in single streamwise-vertical plane XZ (see Figure 6.8 and Figure 6.9).
One run of PIV measurements consists of 1635 image-pairs. In Table 6.2.4a below, the param-
eters of PIV set-up are presented.

Table 6.2.4a: Diode-pumped (dual head) Nd:YLF laser
Laser Peagus-PIV

Color (Wavelength) Green (527 nm)
Beam diameter 1.5 mm
Repetition rate 500 Hz (Range 1-10 000 Hz)

Pulse width (at 1 kHz) 180 ns
Time between pulses 350 µs

Illuminated Area 100 x 100 mm
Energy per cavity (at 1 kHz) 10 mJ
Power per cavity (at 1 kHz) 10 watts

Camera NanoSense model ’3E’, 8 bpp
Mode Double frame mode

Sensor resolution 1280 x 1024 pxs
Interrogation area 32 x 32 pxs

Overlapping 50% (80 x 64 = 5120 vectors)
Acquisition time 3.2 s

Number of snapshots 1635

We repeated certain measurement three times. Two measurement runs lasted for 3.2 s with
a sampling frequency of 500 Hz. The third run was measured for statistical and verification
purpose. It lasted for 16.3 s with a sampling frequency of 100 Hz. The total error of the PIV
measurement was determined by means of two different algorithms. One is based simply on the
classic relative deviation calculated from standard deviation between three runs and its average.
The second is based on the Frobenius norm (definition can be found in Chapter 5, application
in Chapter 14. The results are depicted in Table 6.2.4b.

Table 6.2.4b: Total PIV error
Norm type Standard deviation Frobenius norm

Component U 2.2% 2.6%
Component W 11.2% 5.5%

STD U 5.2% 10.6%
STD W 3.5% 5.6%

TKE (reduced) 8.2% 3.0%

The convergence statistics are applied to U- and W-component of velocity at points with
coordinates X/H=0, 1<Z/H<1.5. Within this layer, the mean velocity is sufficiently larger than
the zero value, so the deviation of the instantaneous value from the mean velocity, when divided
by mean velocity, achieves a reasonable value. For this reason, the W-component was divided by
the averaged horizontal velocity as well. The converge plots are displayed in Figure 6.10. The
grid spacing on the abscissa equals to number of pair-images in one PIV run (1635 snapshots).
The mean value is obtained as a global mean from all three runs.

Since the deviations in Table 6.2.4 are rather small, despite the very short acquisition time
of the individual runs and the convergence plots verify that 1635 snapshots is the minimal but
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Figure 6.10: The convergence plot for U-component (left) and W-component (right) of velocity.
Grid spacing on abscissa corresponds to the number of snapshots in one PIV run.

sufficient number of snapshots for reliable statistics, we can conclude that the runs lasting only
for 3.2 s cover the sufficient number of representative flow events.
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Chapter 7

Boundary Layer in Wind Tunnel

7.1 Introduction

In this chapter, the boundary layers generated over two different types of urban roughness -
flat roofs (FR) and pitched roofs (PR) - are investigated in the wind-tunnel. The models have
the same model dimension and aspect ratio, when considering the elevation of a roof-vertex
height as a height of the building H. Despite the basic similarity between both models, the
latter one has significantly larger vertical variation in terms of geometry. Therefore we assume
that different roof shapes produce different internal boundary layers (IBL).

The first aim of this chapter is to study the quality of the IBLs in properly scaled wind-tunnel
in order to establish the parameters of the turbulence and verify if they follow the guideline for
atmospheric boundary layer VDI (2000). The second aim is to analyse the intermittent events
of the turbulence from one-point measurement.

The measurement campaign gathered one-point data obtained by means of Laser Doppler
anemometer. LDA offers a convenient combination of high temporal resolution together with
non-intrusive acquisition of velocity values. One-point analytical tools from Chapter 5 are
applied to the data set.

The proper time-mean characteristics evaluated from data-series provide information about
nature of flow from statistics point of view. Second moment of velocity brings knowledge about
turbulence intensity, third moment unveils strength and direction of intermittent motions and
finally fourth moment describes the probability of extreme events. Quadrant analysis can assign
a partial momentum flux to the particular event like sweep or ejection. Further, dominance
of these quadrant events can be explained using their third moment. Finally, Wavelet analysis
provides temporal information about coherent events in the flow.

The afore-mentioned mathematical techniques for one-point measurement are applied to
data from wind-tunnel experiment. These techniques serve for a preliminary verification of IBL
quality for future experiment using PIV. Some of the results are published in Kellnerova et al.
(2009) and Kellnerova & Janour (2011).

7.2 Longitudinal Velocity Distribution

To check the proper development of the IBL along the longitudinal axis in the wind tunnel,
several quantities are measured and evaluated at the levels Z/H=1.2 and Z/H=2. The results for
the pitched case are shown in Figure 7.1. In the left picture, all three quantities, the U- and W-
component as well as momentum flux oscillate according to the location of the measurement:
either above the street cavity or above the building vertex. U-component exhibits a mild

91



X/H [-]

U
/U

re
f, 

W
/U

re
f, 

I x
 [
-]

, 
I z

 [
-]

, 
<

U
’W

’>
/U

re
f2

-20 -15 -10 -5 0

0

0.1

0.2

0.3

0.4

0.5

0.6

U/Uref

W/Uref

Ix
Iz
<u’w’>/U ref

2

Z/H=1.2

X/H [-]

U
/U

re
f, 

W
/U

re
f, 

I x
 [
-]

, 
I z

 [
-]

, 
<

U
’W

’>
/U

re
f2

-20 -15 -10 -5 0

0

0.1

0.2

0.3

0.4

0.5

0.6

U/Uref

W/Uref

Ix
Iz
<U’W’>/U ref

2

Z/H=2

Figure 7.1: Longitudinal profile of U- and W- component, intensity and momentum flux τxz.
Left: Z/H=1.2. Right: Z/H=2.

Table 7.3: STD along Y-axis
Quantity STD
U/Uref 4.9%
W/Uref 4.4%

Ix 2.8%
Iz 4.0%

< u′w′ > /U2
ref 6.0%

tendency to increase as there was no adjustable ceiling in the wind-tunnel to regulate it. The
acceleration of the longitudinal velocity just above the roof-top level Z/H=1.2 along the whole
test section (20 canyons, X=2000 mm, X/H=20) is 18%. At higher and more representative
level Z/H=2, the acceleration reaches only 5.5% along the same fetch. The momentum flux
remains constant.

7.3 Lateral Velocity Distribution

The lateral symmetry is verified above the measuring location. From publication Kellnerova &
Janour (2009) we have already known that the region not influenced by side wall is at least 30
cm far from the side in this particular wind tunnel. Hence, suitable are ranges from Y/H=-4.5
to Y/H=4.5. Thus we checked only the inner part of the test area (-3<Y/H<3). In Figure 7.2,
the lateral profiles above flat roofs at elevation Z/H=1 is plotted. The lateral variability of each
quantity expressed as standard deviation (STD) is evaluated in Table 7.3. The STD of U- and
W- component is calculated relatively to the velocity magnitude.
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Figure 7.2: Lateral profile of U- and W- component, intensity and momentum flux τxz at
Z/H=1.

7.4 Reynolds Number Independence

Townsend’s hypothesis postulates that the mean characteristics of the flow are independent on
Reynolds number if the Reynolds number attains a certain minimal critical value. This value
has to be evaluated for every experiment individually. In our case, the U- and W- components
of velocity were measured with increasing free stream velocity Uref and the critical Reynolds
building number was established to be Re2H,crit = 7900 which corresponds to the Uref=2 ms−1

(Figure 7.3).

7.5 Vertical Profiles

The velocity is at first measured in the middle of the test section which corresponds to the centre
of the investigated canyon. The time-mean velocity magnitude of the velocity field (determined
from longitudinal and vertical component) is depicted in Figure 7.4. The pictures show two
canyons with almost identical mean flow patterns. Lower part of the circulation zone is missing,
since LDA is not able to obtain data below the level Z/H=0.6 due to the strong backscatter
from the surface.

The velocity above the pitched roofs is apparently slower than in the flat case. In both cases,
the core of the recirculation zone is shifted somewhat downstream from the canyon centre.

The right canyon in Figure 7.4 is the one in which the measurements of the velocity profiles
were taken (i.e. the 32nd canyon from the model front). The location is labelled as X/H=0,
Y/H=0. The representative profile is obtained as an average of three individual profiles mea-

93



Re2H

U
/U

re
f, 

W
/U

re
f

5000 10000 15000
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

U/Uref Z/H=1
W/Uref Z/H=1
U/Uref Z/H=2
W/Uref Z/H=2

Figure 7.3: Reynolds number independence test for U- and W- component.

sured at the same location. The average profile of longitudinal velocity, vertical velocity and
momentum flux is depicted in Figure 7.5 - left, 7.5 - middle, and 7.5 - right, respectively. Vertical
axis represents a full scale.

Striking line-break is visible in both profiles in Figure 7.5 - left. The internal boundary
layer reaches up to 120 m height in a full scale, which corresponds to the height Z/H=6 on
the model. The line-break is a product of superposition of two boundary layers, the higher one
is generated by spires and roughness elements, the lower is the internal boundary layer (IBL)
formed by the model itself. Interface between them is marked by the red line. We restricted
the data up to the red line, since we are interested solely in the boundary layer produced by
model of the canyons.

The profile above the flat roofs is more curved than the one above the pitched roof. Flow
just above the flat roofs is faster. However, when entering into the canyon, a sharp deceleration
occurs. By contrast, pitched roofs cause the velocity to gradually decrease with decreasing
height and in general, the wind in roughness sublayer (RS) and urban canopy layer (UCL)
above pitched roofs is slower.

Turbulent parameters for the canopies were obtained via best fit of average velocity profile
above centre of the canyon (X/H=0, Y/H=0). The least mean squares method was used to
estimate roughness length z0, displacement d0, exponent α and friction velocity u∗. In this
thesis, the parameters z0 and d0 are evaluated from logarithmic fit in the program that takes
into account the vertically averaged momentum flux from the IS.

The input data for determination of z0 and d0 are taken from rather lower elevation but
still sufficiently far from the canyons. It means they are from estimated IS and upper part of
the RS in the IBL. Power exponent α is established from experimental fit with data spread
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Figure 7.4: Magnitude of the velocity in the XZ plane Y=0 for pitched case (upper) and flat
case (lower). The black lines are pseudo-streamlines from TECPLOT program and serve for
visualisation purpose only.

over a whole vertical extent. The friction velocity is determined from the log-law fit or from
square-root of constant momentum flux τxz within IS, respectively. Thorough this thesis, we
will use the friction velocity based on momentum flux τxz that is constant within IS. Parameters
evaluated for a full scale are listed in the Table 7.5a.

Table 7.5a: Parameter z0 [m] d0 [m] α [-] u∗ [ms−1]log−lawfit u∗[ms−1]τxz τxz [m2s−2]
Pitched roof 1.61 1.2 0.28 0.214 0.212 -0.04479

Flat roof 0.36 11.8 0.20 0.155 0.159 -0.02529
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Grey dashed lines define the layer with 5% of variation in the Reynolds stress for the flat roof
case.

The rather large difference between both canopies should be noted. To briefly recall the
guideline, Table 7.5b refers to the standard classification published in VDI (2000). Concerning
z0 and α, canopy above the pitched roofs belongs obviously into the class called "very rough"
layer, whereas flat roofs generate only "rough" type of turbulent layer. Another remarkable
distinction is the value of the displacement d0. Flat roof causes a shifting of the profile up to
the considerable elevation d0 which, as a consequence, reduces the roughness length z0 as a
consequence.

Table 7.5b: Parameter z0 [m] α [-]
Rough BL 0.1 - 0.5 0.18 - 0.24

Very rough BL 0.5 - 2.0 0.24 - 0.40

On the other side, the flat roofs have a certain smoothing effect despite the presence of
the canyons with the same size as in the pitched case. Rafailidis (1997) concluded that flows
above pure flat plate and flat roofs dissimilate because the flow ’feels’ presence of canyons. Our
experiment confirms that the flat roofs behave like a flat surface placed into displacement height
and covered by less than half-size roughness.

Based on the greater value from both roughness lengths z0(2) = 1.61m in full scale, the fetch
required for full development of proper inertial sublayer (IS) results from (Cheng & Castro,
2002b) to be 3.224 m in the tunnel scale. The roughness length corresponds according to Britter
& Hanna (2003) with parameters for skimming regime z0 ≈ 1.0 m in a densely built-up area
without much obstacle height variation. On the other hand, parameters normalised by the
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height of building H are lower than expected range proposed by Grimmond & Oke (1999).
Each model attains too low value for different parameter:

Pitched roof:
z0/H=0.081 (range from 0.06 to 0.20)
d0/H=0.06 (range from 0.35 to 0.85)

Flat roof:
z0/H=0.018 (range from 0.06 to 0.20)
d0/H=0.59 (range from 0.35 to 0.85)

The dependence between the parameter α and the roughness length z0 is plotted in Fig-
ure 7.6. A reasonable correspondence between the two measured parameters and the theoretical
curve is found.

Figure 7.5 - middle plots time-mean vertical velocity profiles. Propagation of the flow
downward, so typical for the turbulent layer, is much weaker above the flat roofs over the whole
extent of the RS and IS.

Considering Figure 7.5 - right, both canopies have unequal characters. Their momentum
peaks are localized at the same roof-top level but have a significantly different magnitudes. The
pitched roofs generate almost twice as high peak value of the Reynolds stress than the flat roofs.

It is also noticeable that momentum flux gradually deceases towards the surface between the
pitched roofs. This means that shear layer is significantly vertically thicker there. Between the
flat roofs, the momentum flux vanishes immediately below the roof-top level. Area of enhanced
momentum peak in the flat case is very narrow, confined mostly around the building top level.

There is also a smoothing effect of the flat roofs row on the momentum flux. The momentum
flux slightly above the roof-top level is rapidly reduced and again attains larger (negative) values
at a higher elevation. Above the flat roofs, the flow is much less disturbed since the flat roof
does not provide vertical obstruction into the wind flowpath so far. Hence, flat roofs do not
generate so strong momentum exchange between canopy and RS or IS in comparison to the
pitched roofs. Moreover, the roughness sublayer occupies only a thin region and is quickly
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followed by inertial sublayer.
The horizontal dashed lines in Figure 7.5 - right illustrate lower and upper boundaries of

IS, as we defined the IS by the deviation criterion of 5% from constant value (Cheng & Castro,
2002b). Black respectively red lines represent IS range for flat respectively pitched roofs. Both
IS regions extend over different heights and provide different magnitudes of Reynolds stress.
That is why the friction velocity u∗, derived from value of constant Reynolds stress, is so
different for flat case.

This can be explained by the action of the pitched roofs on the approach flow. The triangular
geometry acts as multiple high roofs arrangements. In agreement with Cheng & Castro (2002a),
the magnitude of Reynolds stress strongly depends on the standard deviation of building heights.
Stress is proportional to the variance of the heights. For formation of "very rough" turbulent
layer, the versatile vertical geometry has to be employed. The bigger the vertical variation of
set-up, the bigger is the turbulence intensity in TBL. A street canyon between triangle roofs is
also more open to the approach flow and the wind can more easily penetrate or transport the
energy towards the bottom.

Generally, the communication and energy transfer between the canopy and the layers above
increases with inhomogeneity of the surface. Rectangular objects with same height seem to
create a strong, thin shear layer which rather separates the upper flow from the UCL flow.

One problematic issue is apparent in the momentum flux plot in Figure 7.5 - right. The
momentum flux does not decrease gradually towards zero with increasing height but it is rather
constant. This phenomenon results from the combining of the external TBL (generated by
spires and elements) and internal TBL (generated by obstacles) and also from no possibility to
adjust ceiling in the wind-tunnel. Despite the effort to suppress the vertical component and
vertical turbulence by installing very tall spires, the contribution from the vertical fluctuation
to the momentum flux pertain to be rather large.

Afore-mentioned conclusion about the influence of the roof is supported by root-mean-square
(RMS) statistics in Figure 7.7. Fot he flat roof case, the longitudinal as well as vertical standard
deviation (RMS) is systematically lower by 40% within the roof region.

Regarding the turbulence intensity, Figure 7.8 shows that PR profile for U-component be-
longs to the category very rough, whereas the FR turbulence intensity is slightly reduced and
profile partially goes through the rough category. Near the rooftop elevation, sudden increase
of the intensity occurs. This increase corresponds to the intense shear layer. The maximum
is quickly followed by mitigation slightly below the building roof. Then, the typical gradual
increase continues inside the recirculation zone. The PR profile on the other hand shows the
usual gradual increase towards the bottom.

The afore-mentioned problem of the combination of the internal and external TBL’s is
markedly transparent in the plot for vertical turbulence intensity. The intensity reaches proper
value close to the obstacles but the very strong contribution from the vertical component gen-
erates high turbulence at higher elevation. It has to be emphasised that we put a considerable
effort to reduce the vertical component during the wind-tunnel measurement campaign but
unsuccessfully.

7.6 Skewness and Flatness

Coherent structure can manifest itself as a sudden gust or lull in the frame of "normal" dynamics.
The direction and probability of an appearance can be derived from the moment of third order
- skewness of velocity. Existence of extreme wind can be diagnosed using flatness (e.g. moment
of fourth order). Figures 7.9 - upper row and lower row - bring an overview of the skewness and
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Figure 7.7: Vertical profiles of the standard deviation normalised by friction velocity u∗ for
U-component (left) and W-component (right).

the flatness behaviour across the IBL. Longitudinal skewness exhibits positive extremes just at
the roof-top level (Z/H=1) for both arrangements. The maximum for flat roofs exceeds the
one from PR. This means that flat buildings induce a stronger acceleration, especially behind
the downstream edge of the upstream building. The area of high positive skewness is confined
again to a very narrow layer around the flat roof-top level. The pitched roofs with somewhat
weaker peak show higher values within a larger vertical extent.

Closer inspection of the canyon itself in Figure 7.10 - upper reveals that high positive
skewness occupies whole zone downstream. The downstream end of the zone is tilted upwards
under a certain angle. Negative values, which indicate a deceleration (or an acceleration in the
opposite direction), are localized just near the downstream roof and wall. The whole pattern
is, as a consequence, shifted upwards compared to flat buildings. According to the author of
this thesis, the position of the recirculation centre lies just on the interface between positive
and negative longitudinal skewness.

The similar situation with pitched roof street canyon was modelled in the study Kellnerova &
Janour (2011). Only the canyon had the different roof aspect ratio R/W=0.2. The street aspect
ratio H/W=1 was the same. More details about the experiment can be found in Kellnerova &
Janour (2011). The results are depicted in Figure 7.11. In the upper picture, the mean flow field
with recirculation vortex, a typical pattern inside a canyon, is visualised by pseudo-streamlines.
Lower left picture depicts the longitudinal skewness and lower right picture plots the vertical
skewness. The vortex core position collapses with point on the line of zero longitudinal skewness.
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Figure 7.8: Vertical profiles of turbulence intensity U- and W-velocity component. The inten-
sity Iu and Iw reaches up to 400% near the roof-eaves in the PR case. For better graphical
representation the intensity range is cut-off at limit of 80%.

Based on the these findings and Figure 7.10 - upper, the recirculation zone in this case is shifted
upwards as well. This fully agrees with numerical simulation of Theodoridis & Moussiopoulos
(2000) and with the wind-tunnel experiment of Barlow & Leitl (2007).

The U-skewness between flat roofs (Figure 7.10 - lower) exhibits an intensive peak behind
the upstream building and at the roof-top elevation. The pattern is however distinctive from PR
picture. The roughness sublayer is accelerated with a higher degree all around. Thus, the flat
roof represents somewhat faster and smoother surface. Negative values imply that deceleration
occurs closely to the windward side on the downstream walls. Unfortunately, the data from
lower part, where the acceleration in opposite direction is expected, are missing.

The appearance of the vertical skewness is even more interesting. In Figure 7.9 - upper right,
negative extreme takes place slightly under the roof-top level, the magnitude is higher again for
the flat case. Violent downward motions therefore occur inside the upper part of the rectangular
canyon. Notwithstanding, area where descending motions appear, is vertically very restricted.
Detailed investigation in Figure 7.12 - lower reveals an inclination of paired "positive-negative"
regions. On the interface between opposite regions, the vortex core should be found. According
the opinion of the author, recirculating vortex follows this pattern and exhibits an inclination
as well. Since the vertical downdraughts take place solely near the windward wall, these bursts
do not disturb recirculation pattern in the canyon. By contrary, this spatial distribution might
help to speed-up a rotation inside. From ventilation point of view, such effect is welcome.
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Figure 7.9: Vertical profiles of skewness (upper) and central flatness (lower) for both models
and both velocity components, always with U-component on the left and W-component on the
right. The vertical dashed lines denote zero values for both components. The horizontal lines
denote the height of roof and eave level (in the pitched case).

Triangular roofs create different dynamics (Figure 7.12 - upper). Pitched shape offers a
more open entrance into the canyon and by this it enables to wind to propagate downward.
Despite of smaller magnitude of vertical skewness, wide area of propagating activity occupies
nearly the whole width of the canyon so it can break the stationary recirculating vortex. Once
the circulation is stopped, pollution in the street starts to accumulate near the bottom. The
surface concentration can on a short-term basis rise enormously. However, the circulation-
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Figure 7.10: Skewness of the U-component velocity in the XZ plane Y=0. The black dots
represent the grid.

ventilation pattern is always rapidly restored and classic ventilation via the quasi-steady vortex
can continue.

Pitched roof also causes an acceleration of the upwards motions just above the windward
side of the triangle. The momentum is advected horizontally by the approach wind so positive
vertical skewness affects the region between Z/H=1.2 and Z/H=1.6. Higher above (Z/H>1.6),
only a light tendency to descend takes place, so downdraughts are rather suppressed (Figure 7.12
- upper). Higher above the flat roofs, despite the weak mean vertical velocity, there is some
intermittent propagation and the temporally-limited downward tendency is more pronounced.

The flatness exhibits an area of extreme events at different levels for different roof shapes.
The flat roofs generate extremes slightly beneath roof-top level (Figure 7.9 - lower). The pitched
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Figure 7.11: The flow field from Kellnerova & Janour (2011). Aspect ratio is H/W=1 and roof
aspect ratio is R/W=0.2. Upper: The reference velocity field, UH is velocity at Z/H=1. Lower
left: Skewness of U-velocity. Lower right: Skewness of W-velocity.

roof allows extreme events to strike at a lower elevation, almost at the roof-eave level.
From ventilation point of view, substantial mixing is restricted around the flat roof height

level. Intensive acceleration can somehow separate the cavity from the approach dynamics. The
triangular roofs seem to act as a weaker aerodynamic barrier and do not prevent the flow from
entering into the canyon. The open room of pitched roofs allows the wind to penetrate deeply
into the cavity, especially more close to the leeward side. This can be reason why sudden bursts
can break the very core of the recirculation zone and consequently interrupt the ventilating
process. The triangle causes also a displacement of dynamic pattern upwards, so they are more
exposed to up-roof wind.

7.7 Quadrant Analysis

Quadrant analysis was applied to the velocity time series in order to obtain particular contri-
butions of momentum flux from particular quadrants. Definition of the quadrants is mentioned
in Chapter 5. Figure 7.13 shows the vertical profile of the momentum flux τxz decomposed into
the quadrants.

At each vertical level, the sum of all four contributions gives the total momentum flux. The
peak value at roof top level is composed predominantly of the sweep and ejection, since the
outward and inward interactions are negligible. At peak elevation, the ejection is systematically
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Figure 7.12: Skewness of the W-component velocity in the XZ plane Y=0. The black dots
represent the grid.

lower for both arrangements. Pitched roof however exhibits higher ejection within the roughness
and inertial sublayers. In case of the flat roofs, the sweep and ejection are in a balance. This
can be apparent also from the δS plot in Figure 7.14, where difference between the sweep and
ejection is calculated. The quantity δS represents the dominance of either sweep or ejection in
time-mean sense.

Figure 7.15 shows a spatial distribution of the δS in the canyons. Again, the most important
area of sweep-domination is stretched in narrow belt at roof-top height for FR (Figure 7.15 -
left). Sweep exists in the similar location where the longitudinal skewness exhibits its maximum.
Since the bent tail near the windward wall is probably a consequence of large negative vertical
skewness, the sweep area can be linked with longitudinal and vertical third moments. More
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Figure 7.13: Vertical profiles of the momentum flux at location X/H=0, Y/H=0 after application
of the Quadrant analysis.

detailed investigation can be found in Kellnerova & Janour (2011).
The same conclusion is apparent from the pitched set-up (Figure 7.15 - right). Unlike the

tame field of δS above the flat buildings, pitched roofs evidently generate a strong ejection
within the roughness sublayer, while the roof-level area is predominantly occupied by the sweep
events. Magnitude of δS is much larger in PR as well.

7.8 Fourier Analysis

Fourier spectral analysis can reveal the scale of the highly energetic harmonic structures in the
flow. In Figure 7.16 - left, the spectral analysis of the longitudinal velocity component is carried
out at the elevation Z/H=5. The spectral densities for both arrangements match well with the
theoretical curve. The characteristic frequency for U-component is estimated as f0 = 0.5−1Hz
(with reference velocity 3 ms−1). The spectra in Figure 7.16 - right confirms that there is more
energy contained in the vertical velocity component in the wind tunnel than the theory predicts.

Performing a spectral analysis on time-series requires validity of Taylor’s hypothesis of the
frozen turbulence. For this reason, data are typically taken from the inertial sublayer or from
a region sufficiently far from the obstacles. It is therefore a questionable whether a flow in a
proximity to the canyon can satisfy this requirement. We attempted to analyse also the data
from the elevation Z/H=1 (at the roof-top level) and Z/H=2 (double roof-top level) to see the
difference.

When taking a look at left picture in Figure 7.17, spectrum of U-component visibly deviates
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for the two heights. The double-roof-top level height still more or less copies the theoretically
determined spectrum (Kaimal & Finnigan, 1994), denoted by the black line in the plot. How-
ever, the flow in the canyon opening can be characterized by an extension of high spectral
density to the higher frequencies. The representative frequency value is approximately 10 Hz
in the longitudinal direction and 10 Hz in the vertical direction. The utmost frequency of the
enhanced power reaches 40-50 Hz. This evokes a concept of large number of eddies with smaller
scale (and high frequency) generating on the edges of either a triangle vertex or sharp edge of a
rectangle. Spectrum of W-component shows interesting increase in the energy for pitched roof
case at level Z/H=1 (Figure 7.17 - right).

Assuming that eddies travel with time-mean velocity at the roof-top height UH,PR=0.97
ms−1 and UH,FR=0.82 ms−1, the scale of the eddies generated in the sharp edges of the build-
ing corresponds to values in Table 7.8a.

Table 7.8a: Characteristic scale at Z/H=1

Model Enhanced Lux,H/H Utmost Lux,H/H Lwx,H/H

Pitched roof 1.94 0.49 1.94
Flat roof 1.64 0.41 1.64

The generating process of these eddies at level Z/H=1 supports rather to the obstacle scale
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Figure 7.15: δS - difference in momentum flux between sweeps and ejections (both negative).
The red colour corresponds with domination of sweep. Green colour denote domination of
ejection.

f [Hz]

f×
S

u
u
(f

)/
σ

2

10-2 10-1 100 101 10210-3

10-2

10-1

Flat Z/H=5
Pitched Z/H=5
Karman Z/H=5

f [Hz]

f×
S

w
w
(f

)/
σ

2

10-2 10-1 100 101 10210-3

10-2

10-1

Flat Z/H=5
Pitched Z/H=5
Kaimal Z/H=5

Figure 7.16: Left: Energy spectrum of longitudinal turbulence at level Z/H=5 above flat and
pitched roofs. Right: Energy spectrum of vertical turbulence at level Z/H=5 above flat and
pitched roofs. Black lines represent theoretical curves (VDI, 2000; Kaimal & Finnigan, 1994).

analogy suggested by Coceal et al. (2007). However, the afore-mentioned assumption about
travel speed of the eddies is wrong according to Adrian et al. (2000). The travel speed of
eddies is usually lower than the local mean speed. The information about travel speed is not
available from one-point measurement, therefore time-average local velocity is supposed to be
a reasonable estimation.
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When executing the same characteristic scale for double heights, the scales yield out to be
much larger than the dimension of the obstacles H=50 mm (Table 7.8b):

Table 7.8b: Characteristic scale at Z/H=2

Model Lux,2H/H Lwx,2H/H

Pitched roof 34.6 5.8
Flat roof 33.7 5.6

The features that bring the most energy are larger in the longitudinal dimension than the
tunnel cross-section. This implies that they are mainly longitudinal. They are presumably
of wave-like character. Inter-level discrepancies at the levels Z/H=1 and Z/H=2 are more
distinctive than deviation between the two arrangements. However, flat roof seems to produce
slightly less kinetic energy at flat-roof level for frequencies below 10 Hz.

7.9 Wavelet Analysis

Whilst Fourier transformation does not tell us anything about time of appearance of a par-
ticular frequency, Wavelet analysis does. When computing time series from the wind-tunnel
measurements, we uses Morlet function as a mother wavelet.

The data from LDA measurements were interpolated by sample&hold technique in order to
gain a series with equidistant temporal step as it is the necessary requirement for fast Fourier
transformation. This interpolation injects artificial ramps into the signal. Morlet function is
not so much sensitive to the ramps as Mexican hat could be. Morlet function was therefore
experienced to be somewhat better tool for the first insight.
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The daughter function is derived from mother base by using dilation a and translation b
on t to become (t − b)/a. Since the Morlet function is complex, we obtain a matrix of M x N
complex coefficients T (a, b), where M is number of scales a and N is number of temporal steps
along the time axis. For the physical interpretation we use square of modulus of each complex
wavelet coefficient normalized by variance of the original time series and by extra coefficient,
|T (a, b)|2/(σ2 · k), which represents a local contribution to the power. The scale a is converted
into the frequency after the formula mentioned in Chapter 5.

Example of results from the Wavelet analysis for the locations X/H=0, Y/H=0 at heights
Z/H=1, Z/H=1.5 and Z/H=2 for pitched roof set-up is shown in Figure 7.18. Data are taken
with rate of 200 Hz, 400 Hz and 500 Hz respectively. The black curve denotes Cone of Influence
(COI), which encloses the area of trustworthy coefficients. Above the COI the data are not
reliable since they are near to edge of the time series.

Highly energetic regions where wavelet coefficients reach large values are rather isolated
blurs than any continuous stripes. Despite of expectation that Wavelet analysis yields narrow
areas elongated parallelly to the temporal axis, the obtained patterns are amorphous without
any prevailing direction.

The elongated areas could have witnessed about repeating occurrence of an organised event
with a given frequency. However from Figures 7.18 can be seen just a few events along time-
axis, for example at the elevation Z/H=1.5. This evokes a question whether stable, constant-
frequency features are major contributors to the turbulent kinetic energy or not.

Comparing particular plots, the events at the level Z/H=1 appear to exist for a shorter
time. Number of events is markedly larger and they contain less energy. The edge of the roof
probably breaks incoming eddies into smaller ones. Moreover, one can see a relatively large
jump between level Z/H=1 and Z/H=1.5 (Figures 7.18 - upper and middle). In the latter
picture the small scales (high frequencies) are almost absent. With the increasing height, the
short periods vanish and energy is contained rather inside the larger patterns which last from
several seconds up to tens of seconds.

Basic conclusion from the analysis can be that scale of patterns increases with vertical
elevation ("hypothesis of attached eddies"). The events live longer in respect of time within
upper layers, whereas structures generated at the edge of roof quickly diminish. This is fully in
agreement with Xia et al. (2009), although they used a different mother wavelet.

The energy content for particular events rises up as a higher and higher position is taken.
"Hot spots" with the highest local energy are the motions which convoluted perfectly with
the wavy nature of the Morlet function - so that they are supposedly waves in U-component.
The power spectral density weighted by frequency brings the consistent results with the Fourier
analysis: power at the elevation Z/H=1 is enhanced around between 1-10 Hz. Higher levels have
broad peak around 1 Hz. Corresponding wavelengths of the structure passing the measurement
location are supposed to be of the same size as determined by the Fourier analysis.

7.10 Partial Conclusion

The simulation of a very turbulent flow was performed in the wind tunnel. Model of street
canyons with triangular and flat roofs represents the idealised urban area in the inner city. The
series of one-point measurements were made by 2D-LDA with the sampling frequency 300-600
Hz.

The quality of the boundary layer in the wind tunnel was investigated and the correspond-
ing parameters of the turbulence were evaluated according to the guideline VDI (2000). For
the closer inspection of the flow dynamics, the higher moments and the cross-moments were
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evaluated and the Quadrant as well as the Wavelet analysis was performed.
Both geometries of the model induce different dynamic regimes in the street, so that the

generated turbulent flows are of different categories. Despite the morphology parameters λp
and λf are the same, the flows deviate notably. Morphological parameters therefore fail to
parameterised the turbulent flow above a street canyon.

The higher moments of velocity suggest that the flat roof produces a less turbulent flow. The
intermittent motions are very intensive only within a narrow belt at flat-roof level. Propagation
of the clean air into the canyon is conveniently localized on the windward side. As a result, the
recirculation vortex is almost stable and systematically transports the pollution from the street
canyon along the leeward side upward.

Flat roofs do not provide effective obstacles into the wind flow path. However, based on the
evaluated parameters of the turbulence, the wind still feels canyons beneath.

The pitched roof on the other hand allows the wind to penetrate deeply into the cavity. The
strong clean wind can easily blows away the pollutants from street bottom. Since the centre of
the recirculation is shifted up, momentum of an incoming blast can easily hit the core of the
vortex and subsequently interrupt the ventilation. This indicates that in the street surrounded
by buildings with pitched roofs, the very low concentrations of the pollutants are repeatedly
alternate by the very high concentrations.

The characteristic scales of the flow structures determined by means of Fourier analysis are
comparable to the building scale. Since the convective velocity of the structures are usually a
slightly lower than the local mean velocity, we expect the scale of the typical features to be
somewhat smaller than 1.9H and 1.6H for the pitched and the flat case, respectively. The scale
of structures is then comparable with a characteristic dimension of obstacles (50 mm) according
to Coceal’s hypothesis (Coceal et al., 2007).

Application of Morlet function in Wavelet analysis reveals that the high elevations (Z/H>1.5)
contain large-scale long-term structures with considerable amount of TKE. This energy is or-
ganised in harmonic fashion. The roof-top level exhibits many small-scale short-term features
with low value of organised TKE. The large vortices become broken at the sharp edges of the
buildings. Such a distribution of TKE supports the attached eddies hypothesis.
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Figure 7.18: Wavelet analysis of time-series at heights: Upper: Z/H=1, middle: Z/H=1.5,
lower: Z/H=2.
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Chapter 8

Boundary Layer in Wind Channel

8.1 Introduction

The main part of the experiment was conducted in the wind-channel of Laboratory of Turbulent
Shear Flows of the IT. The reason for performing the measurement at a different facility was
the problem with installing the PIV in the wind-tunnel. Therefore, after the consideration of
all the advantages and disadvantages, we decided to design a new facility in the Laboratory of
Turbulent Shear Flow, where the PIV system was routinely used.

The test section of the wind-channel had to be manufactured in the first step. The author
of this thesis designed the structure of the channel and entrance section with utilisation of
the special optical properties of plexiglass material. All walls, also the top and bottom ones,
were transparent and polished to provide the best optical properties. A fan, an orifice and a
contraction part were already built in the laboratory from previous experiments conducted by
the experienced laboratory team.

The question arose about the scale of the model. If we properly scale model (six-times) to
obtain a similarity with the boundary layer in the wind-tunnel, the obstacle would be 6.25 mm
in size. With effective 1.2 mm spatial resolution of the PIV system, lot of crucial information
about the shear layer would be lost. Since the aim of the thesis is to investigate a ventilation
process where detailed knowledge of the shear layer and vortices is necessary, we chose the
alternative approach and kept the model size exactly the same as in the wind-tunnel case (50
mm). This provides a very good spatial resolution with respect to the building dimension. On
the other hand, it introduces a problem with blockage effect in the wind-channel since the model
is not properly scaled with respect to the channel dimension. The justification of our approach
will be clear from the two following Chapter 9.

The wind-channel, on contrary to the wind-tunnel, is blown down driven facility. The
reference velocity is measured based on the pressure drop along the contraction part by a
calibrated manometer. The inlet velocity (at the beginning of the test section) is set-up to 5
ms−1. However, the internal boundary layer poses a barrier to the approach flow that accelerates
in consequence. Both model geometries generate a differently thick IBL, so we have decided
to normalise the data with respect to the highest recorded velocity above the measurement
position instead of normalisation with respect to the inlet velocity.

8.2 Longitudinal Velocity Distribution

Longitudinal profile is measured by HWA along the longitudinal distance of six canyons (600
mm≈12H) between X/H=-2 and X/H=10. The distance is rather shorter than in the wind
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Figure 8.1: Longitudinal profile of U-component at level Z/H=2 along 600 mm in the wind
channel.

tunnel since the traverser has a limited range of movement. The profile of the longitudinal
velocity was measured at the elevation Z/H=2. Figure 8.1 plots both measurements from
pitched roof (PR) and flat roof (FR) case.

In both cases the boundary layer slightly accelerates. The percentage of the change for U-
component along 12H is 3.5% in pitched case and 3.8% in flat case. These values are comparable
with the acceleration experienced in the wind-tunnel (3.3%/12H).

8.3 Lateral Velocity Distribution

The lateral symmetry is measured inside the range Y/H=-1.6 and Y/H=1.6 in the channel of
width 250 mm=5H. In Figure 8.2, the lateral symmetry is reasonably good, especially in the flat
roof case. The measurement position for PIV was taken at X/H=0, so the assumed influence
of the wall is negligible. Table 8.3 contains the STD of the longitudinal component along the
lateral axis.

Table 8.3: STD along the lateral axis
Geometry Quantity STD

Pitched roof U/Uref 2.3%
Flat roof U/Uref 0.8%

8.4 Reynolds Number Independence

The test in the wind-tunnel confirms that Reynolds number independence was achieved for this
particular model with nominal reference velocity 2 ms−1. The nominal velocity in the wind-
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Figure 8.2: Lateral profile of U-component along the Y-axis at Z/H=2. Uref attains value 7.62
ms−1 for PR and 7.09 ms−1 for R.

channel could have not been set less than 5 ms−1, so the Reynolds independence is automatically
ensured.

8.5 Vertical Profiles

The time-averaged flow fields (averaged over 3.2 s) based on the PIV measurement are plotted
in Figure 8.3. The black lines denote pseudo-stream traces that serve only for purpose of the
visualisation. In both street canyons, the core of the recirculation vortex is shifted downstream
from the canyon centre. The main recirculation zone in the pitched roof case has a core at the
level of roof eaves, since the pitched shape causes the off-set of the core upwards in the street.
The secondary vortices are detectable in the corners of the canyon.

With the CTA hot-wire we have measured profiles of time-mean U-velocity component in
the three consecutive street canyons, with the intended measurement position in the middle.
If the profiles considerably deviate or exhibit a downstream development, the IBL would not
be fully developed yet. In Figure 8.4, the three profiles for both arrangements are plotted.
Velocity was temporarily normalised by inlet velocity Uinlet=5 ms−1 in order to demonstrate
an acceleration of IBL (as explained below).

The difference between profiles attains a very small value for all four quantities, except for
the flatness in the FR. The flatness is very sensitive to spurious vectors and the measurement
could have been compromised by a few wrong values. Average value obtained from deviation
of the longitudinal velocity at each elevation is 0.7% for pitched roofs and 0.9% for flat roofs.

The averaged profile calculated from the previous individual profiles together with error
bars are depicted in Figure 8.5. The Figure 8.5 conveniently presents the consequences of
the acceleration of the boundary layer from nominal value 5 ms−1 corresponding normalized
U/Uinlet=1 up to 1.4-fold value in the flat roof case and even to 1.5-fold value in the pitched
case.

From the both profiles in Figures 8.5 it is apparent that the pitched roofs generate a thicker
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Figure 8.3: Left: Mean velocity field inside the street canyon with the pitched roofs (PIV).
Right: Mean velocity field inside the street canyon with the flat roofs (PIV).

IBL and the approach flow is markedly squeezed and accelerated. The acceleration enhances
the mean wind speed and also the fluctuations of the upper layer.

The average profiles were fitted by the log-law and the power law. However, due to violation
of the scaling requirements, the evaluated parameters could not be taken relevantly. It has to be
emphasized that the momentum flux was not obtained from the experiment but from the fitting
of the U-component profile with the log-law formula (labelled τfit). For matter of interest, we
publish the turbulent parameters expressed in full scale in Table 8.5. The scale of the model is
1:400.

Table 8.5: Turbulent parameters
Parameter z0 [m] d0 [m] α [-] u∗,fit[ms−1] τfit [m2s−2]

Pitched roof 1.49 19.4 0.41 0.797 -0.635
Flat roof 0.56 15.6 0.28 0.604 -0.365

Clearly, the parameters do not follow the guideline VDI (2000) and they have no physical
justification. The higher values of the friction velocity and the momentum flux can be assigned
to both the higher nominal wind speed and the abnormal acceleration process in the channel
when comparing to the wind tunnel.

Figure 8.6 further confirms that intensity in the IBL decreases too fast towards zero in the
wind channel. The hypothetical proper scale of the model should be 1:2000 instead of 1:400
chosen here. This estimation agrees well with the conclusion of Perret & Savory (2013b), who
analysed the correct scaling for this particular experiment. Notwithstanding, to satisfy the
proper-scale requirements means to lose all the necessary information about the flow dynamics
inside the canyon. To defend our approach, we can point out that the intensity up the level
Z/H=1.5 reaches reasonably correct values and the flow dynamics up to a given height can be
very similar to one on a properly scaled model.
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Figure 8.4: Profiles of statistics with longitudinal velocity. From the upper left corner toward
lower right corner: Mean value, turbulence intensity, skewness and flatness. Data are measured
in consecutive canyons for pitched and flat roofs. Mean velocity value is normalised by the inlet
velocity on the axis of the wind-channel.

8.6 Skewness and Flatness

The HWA provides only one-component data, so that the skewness and flatness is evaluated on
the basis of longitudinal velocity only (Figure 8.7). The skewness exhibits certain acceleration
just above the roof-top level which is consistent with skewness from wind-tunnel velocity. Only,
the measure of the acceleration in the flow is higher above the pitched roofs here (Figure 8.7
- left). An interesting fact is the presence of significant negative values in the layer between
Z/H=2.5 and Z/H=3.5. The deceleration tendency is much more pronounced in the pitched
case. This layer could be coincident with the interface of the free-stream flow and the inter-
nal boundary layer. On this interface, the fast flow encounters the vortices generated by the
obstacles and loses the energy.

Flatness in Figure 8.7 - right - retains a negligibly small value up to level Z/H=2.5 and
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Figure 8.5: Profile of mean longitudinal velocity for pitched and flat roofs. The profiles in
picture are normalised by inlet velocity Uinlet = 5ms−1 on the axis of the wind-channel.

then achieves large values, especially in the pitched case. Large flatness suggests frequent
extremes of the flow and this finding is further consistent with the hypothesis concerning the
free-stream/IBL interface. The interface would be located at altitude Z/H=3.3 that corresponds
to a position 165 mm far from the surface.

The vertical velocity and momentum flux could not have been retrieved from the measure-
ment. Also the Quadrant analysis could not have been performed.

8.7 Fourier Analysis

Fourier analysis evaluates the power spectral density of the longitudinal velocity component.
The measurement is taken again in the middle of the given canyon at elevations Z/H=1.06
and Z/H=2. The untypical elevation Z/H=1.06 is the minimum height accessible by the HWA
probe in the wind channel. Very high sampling frequency of the HWA system (25 kHz) together
with equidistant temporal step allows us to evaluate a Kolmogorov dissipation scale.

Figure 8.8 depicts the spectra for both the pitched and flat case. The velocity at double
height of the building contains energetic feature with prevailing frequency of 10 Hz. This value
is ten times higher than the characteristic frequency of 1 Hz obtained from the wind-tunnel
measurement at the same elevation. The reasons for such an increase are two. The first one
is simply the increase of the nominal wind speed value on the channel axis with respect to the
wind-tunnel nominal by ratio 5/3. The second one is limited size of the channel which is six
times smaller than the wind-tunnel. The spatial limitation reduces the room for the evolution of
the eddies. The characteristic length-scale is therefore physically reduced by ratio 1/6, so that
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Figure 8.6: Profile of turbulence intensity for longitudinal component.
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Figure 8.7: Profile of skewness (left) and flatness (right) of the longitudinal velocity for pitched
and flat roofs.

the characteristic frequency is supposed to be 6 times higher accordingly. As a result of these
two effects, the characteristic frequency is 5/3× 6=10 times higher. This is fully consistent with
the Fourier spectra analysis findings.
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Figure 8.8: Power spectral density for U-component time-series at Z/H=1.06 a Z/H=2.

Table 8.7a: Kolmogorov micro-scale
Geometry Velocity U2H [ms−1] η [mm]

Pitched roof 5.81 2.9
Flat roof 6.26 3.1

The energy cascade at the level Z/H=2 also follows the Kolmogorov law very well. The
Kolmogorov law is delineated here by the Karman theoretical curve (black line). The point at
which the measured spectra decline from the theoretical curve, is at 400 Hz for PR and 450 Hz
for FR. The characteristic frequency for dissipative range is roughly estimated from the middle
point of the dissipation range to be 2000 Hz for both geometries. The corresponding Kolmogorov
micro-scale η, the dimension of the smallest eddies in the flow, is listed in Table 8.7a. Smaller
eddies would be strongly dissipated by viscous effect in the fluid.

The values of approximately 3 mm represents at the same time the minimum size of the
vector field for which we can identify the vortex in PIV post-processed data (with spatial
resolution of 1.2 mm).

The spectra at the elevation Z/H=1.06 slightly deviate from those obtained in the wind-
tunnel. The enhanced power exceeding the theoretical energetic cascade shows up only in the
FR case. The utmost frequency of the extra energetic events is approximately 200 Hz. The
coarsely estimated lengthscale of these eddies is 15-30 mm (0.3H-0.6H). This would suggest that
the surface of the flat roof generates small eddies at a higher rate than the pitched roof. The
enhanced energy peak forms a plateau ranging from 10 Hz to 50 Hz.

One fact has to be taken into account. The dynamics is extremely sensitive to the relative
vertical position of the investigated point to the height of the building in the flat case. Even
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Figure 8.9: The spectra for U-component obtained by PIV (1635 values) at Z/H=1.

a small off-set of the measurement point just around the building height results in markedly
different dynamical events captured in time-series. The spectra of velocity time-series in Fig-
ure 8.8 are taken at position Z/H=1.06 which is located of 3 mm higher than in the wind-tunnel
campaign. This could be far enough to obtain different results.

In Figure 8.9, the spectra from PIV signal at the precise elevation Z/H=1 and Z/H=1.2
are plotted. The spectra are calculated from 1635 samples only and their interpretation should
be done with care. The spectra confirm strikingly enhanced energy at higher frequencies (40-
200 Hz) in the flat roof case. This energy corresponds to a large number of small eddies with
lengthscales ranging from 0.2H to 0.5H. These vortices are generated at the flat surface of the
upstream roof. The extra energy completely diminishes at slightly higher level Z/H=1.2 what
support the assumption that shear layer between the flat roofs is very thin.

Closer inspection of Figure 8.9 reveals a mildly enhanced energy at 80-90 Hz for all three
remaining time-series. It suggests that the small eddies of frequency 80-90 Hz (23 mm, 0.5H)
are generated also by the vertex of the triangular roof but with significantly lower production
rate. These small eddies occasionally occur also at the level Z/H=1.2.

The spectra for the pitched case show an enhanced energy at frequency range 10-20 Hz,
especially in the pitched case. This energy is attributed to compact larger quadrant events
travelling with the approach flow, which will be mentioned in Section 10.3. The dimensionless
values of the corresponding lengthscale are listed in Table 8.7b.

At the elevation Z/H=2, the characteristic frequency is 10 Hz for both arrangements and
the corresponding lengthscales are listed in Table 8.7c. The characteristic scale at the level
Z/H=2 in the tunnel is much larger due to a larger cross-section therein.

The comparison with Table 7.8a and Table 7.8b in Chapter 7 confirms that the scales of the
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Table 8.7b: Characteristic scale at Z/H=1

Model Characteristic Lux,H/H Utmost Lux,H/H
Pitched roof 1.7-3.4 0.5

Flat roof 3.2 0.2-0.5

Table 8.7c: Characteristic scale at Z/H=2

Model Characteristic Lux,H/H
Pitched roof 11.6

Flat roof 12.5

features in the flow at low elevations are comparable. These scales are predominantly generated
by the model which has the same size in both facilities.

8.8 Wavelet Analysis

Last analysis in this chapter is the Wavelet analysis. The analysis used Morlet function as a
mother wavelet, since it yields out a more easily readable plots and it is of practical use for the
first insight.

The scalograms from HWA were carried out for the same elevations as in the wind-tunnel
(Chapter 7, Z/H=1.06, Z/H=1.5 and Z/H=2). The acquisition time is shortened to 6.4 s in
order to increase the computational speed of the algorithm.

At the roof-top level of PR, large number of structures with high frequencies and short
duration was identified in the scalogram (Figure 8.10 - upper). The energy contained in these
features is generally low which is reflected by low energy values (blue colour). Some long-term
structures could be found at very low frequencies around 2 or 4 Hz. Most of the features
exhibit frequency between 4 Hz and 16 Hz (characteristic frequency range). However there is
still considerable number occurring in the frequency range 16-32 Hz. Just a very few features
appear at frequencies higher than 32 Hz.

Hypothetically, the higher the frequency, the smaller scale of the structure can be at the
location, because of the continuity equation. Hence, velocity fluctuations are rather small inside
the small eddies. This logically reduces the TKE captured by Wavelet analysis at such high
frequencies. The presence of large number of small features also indicates an intensive vortex
shedding behind the roof-top vertex.

As well as in the analysis from the wind-tunnel data, there is a large difference between
the roof-top level and all the other levels. Higher levels do not contain the features with short
duration and frequency within the range 32-128 Hz. Apparently, the higher the measurement
point is located, the more TKE energy is contained in these detected structures. Unfortunately,
without closer inspection into the 2D velocity field surrounding the measurement point, the
interpretation of the Wavelet scalograms has to be restricted to the description of the detected
frequencies and time intervals. The true physical meaning is still hidden and can be decoded
only by means of PIV planar velocity field.

In Figure 8.11, the Wavelet analysis is carried out from PIV results at the precise level
Z/H=1. The Morlet function is applied to W-component. There is striking difference between
the flat and pitched roof case. The scalogram from the flat roof case contains a significantly
higher number of small eddies than the scalogram in the PR case at frequency range 32-256
Hz. The pitched roofs produces more energy at lower frequencies (8-16 Hz), what agrees with
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Fourier spectra analysis from wind-tunnel (see Figure 7.17).
Generally, the results from the wind-channel are strongly similar to the results from the

wind-tunnel (Chapter 7), only the characteristic frequency range in case of wind-tunnel is
shifted to the higher values.

8.9 Partial Conclusion

The wind-channel boundary layer was carefully studied. Lateral and longitudinal velocity dis-
tribution confirmed that IBL above the measurement position is symmetric and fully developed.
The thickness of the boundary layer was established as Z/H=3.3. The internal boundary layer
is accelerated due to a blockage effect of the street canyon model. The pitched roofs generate a
thicker IBL which causes a stronger acceleration of the boundary layer compared to the flat roofs
case. According to guideline VDI (2000), the turbulence intensity profiles can be considered as
more or less satisfying up to the level Z/H=1.5.

Spectral analysis based on Fourier transformation was performed. Generally, the energy-
containing range is around 10 Hz. Due to a smaller dimension of the wind-channel and a
higher nominal velocity with respect to the wind-tunnel, the characteristic scale of eddies is
consistently smaller by one order of magnitude. The utmost value of enhanced energy at roof-
top level in the channel corresponds to similar lengthscales at the roof-top level in the tunnel.
Regarding the Wavelet analysis, the output from the wind-channel is similar to the output
from the wind-tunnel, only the range of the frequencies are shifted to the higher values in the
wind-channel.
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Wavelet analysis of U−component − Morlet, Z/H=1.06, PR
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Wavelet analysis of U−component − Morlet, Z/H=2, FR
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Figure 8.10: Wavelet local spectra derived from HWA time-series for elevation Z/H=1.06 (up-
per), Z/H=1.5 (middle) and Z/H=2 (lower). Data were recorded above the PR set-up.
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Wavelet analysis of W−component − Morlet, Z/H=1, PR
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Wavelet analysis of W−component − Morlet, Z/H=1, FR
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Figure 8.11: Wavelet local spectra derived from PIV time-series for elevation Z/H=1. Upper:
Pitched roof case. Lower: Flat roof case.
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Chapter 9

Comparison of Boundary Layers in

Wind Tunnel and Wind Channel

9.1 Introduction

Internal boundary layer (IBL) above the model of the street canyon in a small wind-channel is
inevitably different from the properly scaled boundary layer generated in a wind-tunnel. Since,
the IBL in the wind channel does not fulfil criteria for atmospheric boundary layer over its
whole vertical extent, we should demonstrate that at least a certain part of the IBL satisfies
the necessary conditions. Within this part the measurements could be credibly executed.

9.2 Vertical Profiles

The comparison of longitudinal velocity measured in the wind-channel and the wind-tunnel is
presented in Figure 9.1. The large symbols with wide spacing correspond to the wind-tunnel
data (LDA) and were previously published in Kellnerova et al. (2009). The very small symbols
represent the wind-channel measurements, empty ones are from HWA and the filled ones are
from PIV.

Figure 9.1 - left plots the U-component normalised by inlet velocity. The inlet velocity values
are Uinlet=3 ms−1 and Uinlet=5 ms−1 in the wind-tunnel and in the wind channel, respectively.
Perfect match between HWA and PIV data confirms the quality of both measurement techniques
performed in the wind channel. However the HWA deviates from the LDA measurement rather
markedly as the velocity in the wind channel achieved much higher values. The pitched roof
caused even stronger acceleration compared to the flat roofs. Such a significant acceleration in
the wind-channel is caused by the blockage effect of the obstacles, because the frontal area of the
building model occupies 20% of channel the cross-section. An internal boundary layer develops
along the channel and further enhances the blockage. As was shown in Chapter 8, the pitched
roofs produce a thicker boundary layer than the flat roofs due to their large vertical variation
in geometry. The profile above the pitched roofs is therefore more gradual and achieves larger
values in its upper part. On the other hand, the wind speed above the flat roofs attains a
high value quickly, just above the roof level, and then only minimally adjusts to the free-stream
speed.

Figure 9.1 - right shows the same profiles normalised by highest velocity reached in the
internal boundary layer. With the pitched roof arrangements, the highest velocity Uref reaches
7.6 ms−1. The flat roofs cause a weaker acceleration, so the reference velocity is only Uref=7.1
ms−1. In this thesis, the author has considered the normalisation by the reference velocity as
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Figure 9.1: Profiles of mean longitudinal velocity (U-component) from the wind tunnel (LDA)
and the wind channel (HWA and PIV) above the measurement position. Left: Profiles nor-
malised by inlet velocity Uinlet. Right: profiles normalised by Uref velocity.

more physically righteous and we applied it for all following plots.
Regarding the plots of velocities, with a certain level of tolerance we can conclude that

the profiles from both campaigns collapse well inside the urban canopy layer (UCL) where
Z/H<1. Wind-tunnel data, despite the certain degree of scatter, agree with wind-channel data
in satisfying manner. Velocity gradient within the canyon entrance are properly captured. The
flat-roofs profile manifests a sharp deceleration for both the tunnel and the channel data and
the pitched roofs generate a gradual transition of the longitudinal velocity in both facilities too.

Figure 9.2 depicts the Fourier energy spectral density in the two boundaries layers. The
characteristic frequency of the dominant events in the wind-tunnel has a peak at 1 Hz. This
value corresponds to the 6-7 minutes life-time in full scale. However, in the channel with
smaller dimensions, the characteristic events have not such a room to grow up. The channel
walls restrict the spatial scale of the structures and due to a higher nominal velocity, the
characteristic frequency increases. As a result, their characteristic frequency in the channel is
10 Hz, corresponding to the shorter 40 s life-time of events.

As was mentioned in Chapter 8, the channel is 6-times smaller and nominal inlet velocity is
5/3 higher than in the tunnel. Therefore, 10 time higher characteristic frequency in the wind
channel fully agree with the theoretical forecast.

At the interrogated location was positioned lower inside the street canyon, Figure 9.3 -
left shows a mild but systematic underestimation of the W-velocity in the pitched case. This
seemingly indicates that the core of the recirculation zone is shifted more upstream in the
wind-channel case. However, another explanation can be that the non-negligible measurement
volume of the LDA probe in the tunnel recorded the larger area inside the street canyon than
convenient. The street canyon is a region with large gradient of velocity, especially around a
vortex core. The vortex core usually lies more or less in the canyon centre. Minute difference
in measurement position in the canyon centre causes a substantially different recording. The
small position shift along the X-axis might be reflected by fundamental change in W-component
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Figure 9.2: Spectra density plot for longitudinal velocity from the wind tunnel and wind channel.

velocity what seems to be the present case.
Nevertheless, the momentum flux collapses very well (Figure 9.3 - right), since the area of

momentum flux in the street canyon is larger, elongated in longitudinal direction and therefore
less sensitive to the longitudinal shift of the measurement point. The peak of the stress between
the flat roofs has exactly the same elevation and magnitude for both facilities. In pitched roof
case, the peak has the same magnitude and is slightly shifted as LDA measurement has a rather
coarse grid.

The turbulence intensity shows also agreement within the UCL (Figure 9.4). Only in case
of wind-tunnel profile (LDA), the measurement is made just at point X/H=0, Z/H=0.6 with
extremely small magnitude of the velocity, i.e. it hits precisely the vortex core and the intensity
achieves enormous value in consequence.

Another set of the quantities, which were compared, are skewness and flatness for U- and
W- velocity component (Figure 9.5). The skewness is plotted in the upper row, the flatness in
the lower row. The W-component is not available from our one-wire HWA, so the skewness
and flatness could not have been inferred. It has to be emphasized that both statistics are very
sensitive to spurious vectors, which can easily spoil the results. So, generally it is difficult to
obtain a high agreement for the skewness and flatness between varieties of measurements.

In this case, we consider the agreement to be rather satisfying. In wind-channel results
(obtained by PIV), a large scatter in the flatness is evident for both components. Further, on
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Figure 9.3: Left: Zoomed profiles of vertical velocity inside the street canyon in the tunnel
(LDA) and in the channel (PIV). Right: Momentum flux inside the street canyon obtained
from the tunnel (LDA) and the channel (PIV) measurements.
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Figure 9.4: Comparison of the turbulence intensities from the tunnel and channel. Left: The
longitudinal intensity Iu. Right: The vertical intensity Iw.

the boundaries of PIV illuminated area, the flatness increases above all expectations. The post-
processing supplied all boundary data by the estimations and thanks to statistic of flatness,
some of them are revealed to be physically incorrect.

These findings altogether suggest that in the region in the street canyon, the dynamics of
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Figure 9.5: Skewness (upper row) and flatness statistics (lower row) of the longitudinal (at left)
and vertical velocity (at right) from the tunnel and channel measurements.

the flows is mutually similar.
We have also decomposed the total momentum flux using the Quadrant analysis procedure.

This way, we get information about number of events from particular quadrants and length of
their duration. Figure 9.6 displays the histograms for durations of the quadrant events in the
wind-tunnel and in the wind-channel. The signals were obtained in the middle of the canyon at
the height corresponding to the top of the pitched roofs (X/H=0 and Z/H=1). Characteristic
phenomena are high contributions from both the sweep and ejection events. The contributions
from outward and inward interactions are much weaker.

Regarding the sweep and ejection, the wind-tunnel data apparently shows that the sweep
events appear often to be of short duration, whereas the ejections are rarer, with a longer
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Figure 9.6: Upper: Histogram of duration of the quadrant events in the tunnel (LDA) at
Z/H=1. Lower: Histogram of duration of the quadrant events in the channel (PIV) at Z/H=1.

life-time. The time-series from the wind-tunnel (LDA) obtain signals from 10×-more particles
than the channel PIV time-series (34 000 in comparison to 3 300 detected particles). Thus, the
tunnel signal characterises better the dynamics of the flow. However, the analysis of the signal
from the channel follows the pattern in the wind-tunnel, despite the smaller amount of data.

The histograms from the higher altitude (Z/H=1.5) bring a different picture (for compre-
hensiveness of this chapter, example from the wind tunnel is shown in Figure 9.7). All the
quadrants contribute evenly in both the tunnel and the channel. Though the low number of
particles in the channel signal makes this comparison difficult, the trend is evident.
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Figure 9.7: Histogram of duration of the quadrant events in the tunnel (LDA) at Z/H=1.5.

9.3 Partial Conclusion

The boundary layer flow in the wind channel is generally faster when compared to the flow above
the same model in the wind tunnel. The acceleration is detectable at elevations Z/H>1.2. The
pitched roofs produce a internal boundary layer so that the acceleration of the approach flow
is more pronounced.

The small size of the wind channel is the cause of the shift in the characteristic frequency.
The spectral energy exhibits peak at frequency of one order in magnitude higher than in the
wind tunnel. This value is consistent with mathematical prediction based on both the different
size and different nominal velocity at the channel entrance.

Inside the street canyon, the flow field agrees with the properly scaled flow field in the
tunnel. Each of the following quantities measured in the tunnel and in the channel: the velocity,
Reynolds stress and intensities of turbulence, collapse well into one curve. The higher moments
as the skewness and flatness show approximately good agreement with the wind-tunnel data.
The results from Quadrant analysis suggest that the two flows contain similar quadrant events
at elevations Z/H=1 and Z/H=1.5.

Based on the results in Chapter 8, the scales of features generated at the roof-top elevation
agree with the scales generated at the same elevation in the wind-tunnel.

After considering all the afore-mentioned results, we decided to consider the wind-channel
data as representative for simulation of an atmospheric boundary layer flow when restricted to
the dimensionless height of Z/H=1.5.
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Chapter 10

Quadrant Analysis of Momentum Flux

10.1 Introduction

The literature on coherent structures suggests that compact and organised features exist inside
the turbulent flow. The issue is that the complexity of the flow makes it difficult to reveal the
features. In the last decade, the PIV measurements substantially contributed to the detection
of organised flow dynamics by providing data resolved in space and time. The highly resolved
data allow to use a wide range of sophisticated methods for investigation of the turbulent flow.

There are numerous ways how to detect a possible coherent structure but there is not a
single one that is both universal and reliable. In this chapter, we attempt to identify organised
structures from experimental data by means of the Quadrant analysis.

The Quadrant analysis usually deals with instantaneous values of the momentum flux. The
flux is divided into four categories after Willmarth & Lu (1972). Since the method is based on
decomposition from the temporal point of view, it can be easily applied to one-point time-series
with simultaneous measurement of two velocity components. For this reason, the method was
frequently used in the past.

We have applied the Reynolds decomposition to 2-D velocity field data obtained by PIV
inside the street canyon. The flow generated in the street canyon is very turbulent and ac-
cording to Zhu (2006), the quadrant events called sweep and ejection should be predominant
contributors to the momentum flux. The results in this chapter are published in Kellnerova
et al. (2013).

10.2 Vertical Profiles

Quadrant analysis is described in detail in Chapter 5. To enlighten out the basic principles, we
provide the following overview of the method.

The analysis is based on the Reynolds decomposition, which decomposes the instantaneous
velocity value into the time-mean value U and the fluctuating term u′. The instantaneous
momentum flux u′w′ is then divided into four quadrants according to the scheme:

• u′ > 0, w′ > 0 1. quadrant - outward interaction

• u′ > 0, w′ < 0 2. quadrant - sweep

• u′ < 0, w′ < 0 3. quadrant - inward interaction

• u′ < 0, w′ > 0 4. quadrant - ejection.
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The partial contribution τi from i-th quadrant to the total momentum flux (with unit
density) τxz =< u′w′ > is calculated from formula:

τi =
< u′w′ >i .Ni

Ntotal

where < u′w′ >i denotes the averaged flux within the i-th quadrant, Ni is the number of events
belonging to the i-th quadrant and Ntotal is the global number of events recorded during a given
time period.

Simply stated, the sweep transports the momentum from the fast free stream towards the
surface. Considering the street canyon with vehicle traffic at the street level, sweep events bring
relatively clean air from the up-roof area downwards into the canyon. The ejection represents
the slow, upward motion, which could be responsible for transports of heat, pollution or other
scalar from the lower level upwards. These quadrants events strongly contribute to the so-called
turbulent scalar fluxes (Kukacka et al., 2012).
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Figure 10.1: Time-mean contributions from the particular quadrants to the momentum flux for
pitched and flat roofs.

Figure 10.1 shows the contributions to the total momentum flux from the individual quad-
rants. Sweep (orange symbols) and ejection (green symbols) appear to be the most dominant
events from statistical point of view. Especially in the locations where the turbulence increases,
the contributions from the sweep and ejection increase proportionally. The other two quadrants,
the inward and outward interactions, are almost negligible.

The above implies that there is energy transfer toward the surface in the boundary layer.
The energy transfer is associated predominantly with the sweep and ejection events. Further,
both events can be organised to some degree.
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Figure 10.2: Snapshot with the dominance of the sweep fraction in the momentum flux. Black
vectors represent the instantaneous velocity.

Up to a certain elevation, the time-averaged sweep is consistently larger than the time-
averaged ejection, however, above this level, the ejection fairly dominates. By evaluating the
momentum flux belonging to each quadrant separately and plotting its spatial distribution in
every snapshot, we can obtain also spatial shape of the sweep and ejection and see their temporal
evolution in the street canyon.

10.3 Planar Vector Fields

We at first evaluated temporal-spatial distribution for all the quadrants in planar vector field
but we found out that only the results from sweep and ejection are interesting. The sweep and
ejection events often travel in a compact shape across the street canyon. For better demon-
stration of this phenomenon, it is convenient to plot the instantaneous value of momentum
flux. The following figures show the example of strong sweep (Figure 10.2) and ejection events
(Figure 10.3) in the canyon with pitched roofs. The negative (orange) values denote the region
where the strong sweep take place at a given time whereas the positive (green) values symbolise
an existence of dominant ejection.

For each snapshot, we calculated relative spatially cumulative contribution from particular
i− th event εi(t) to the total momentum flux τtotal(t) according formula
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Figure 10.3: Dominance of the ejection fraction in the momentum flux. Black vectors represent
the instantaneous velocity.

τtotal(t) =

M
∑

m=1

N
∑

n=1

|τmn(t)|,

τi(t) =
M
∑

m=1

N
∑

n=1

τmn,i(t),

εi(t) =
τi(t)

τtotal(t)
.

(10.1)

The calculation reveals, that sweep and ejection occasionally represent up to 80%-90% of
the total momentum flux (see Figure 10.4).

The negative value of percentage in Figure 10.4 is caused by the negative sign of both the
sweep and the ejection partial momentum flux. The inward and outward interaction have a
positive sign (check Figure 10.1). The total momentum flux τtotal(t) in Eq. 10.1 is the sum of
absolute values from each quadrant at each time instant.

The afore-mentioned conclusion is valid for both arrangements - pitched as well as flat.
This is unexpected because the pitched roofs produce much more violent flow, whereas the
flat case generates a relatively smooth flow. When comparing the absolute values of flat and
pitched results, the total momentum flux is lower in the flat case but each quadrant contains
a proportionally lower contribution to the momentum flux. The ratios between quadrant and
total sum stay therefore comparable.

We can also see a clear tendency for both events to pass the street canyon in alternating
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Figure 10.4: Time evolution of the relative contributions to the absolute total momentum flux
from the quadrants - pitched case.

fashion. This is supported by the value of the mutual correlation coefficient between relative
contributions of sweep the and ejection, which is Rsw,ej=-0.90. When the sweep enters the
canyon, the ejection is suppressed and vice versa. Fourier transformation reveals that the
characteristic frequency of this pseudo-wavy alternation is 8-15 Hz (not shown).

On the contrary, the outward and inward interaction rarely contain 40% of momentum flux
and do not exhibit any mutual correlation. Their correlation coefficient is only Rin,out=-0.16.

Let us define the threshold for the relative contribution at -40%. This value determines
the exclusive occurrence of the sweep or the ejection in the canyon. For this threshold, the
intermittency factor, based on the definition in Chapter 2 and Pope (2000), attains the same
value of 0.4 for both sweep and ejection (see Table 10.3). So together both events cover almost
80% of the acquisition time.

If we convert the scale in to a full scale and apply conditions which were used in the wind-
tunnel, we achieve values suitable for a comparison. So, for the free-stream wind in the full scale
reaching 3 ms−1, these events will typically last about 30 s and their scale will be approximately
26 m. The value of 26 m corresponds to dimension of the street canyon in full scale, which is
20 m in the width and 20 m in the height. In our model scale with 50 mm high buildings, the
sweep event corresponds to 63 mm (1.25H). This value is not far from the wind-tunnel result.
In the wind tunnel, the characteristic scale obtained by Fourier analysis at pitched roof-top
level is Lux,H/H=1.94 (mentioned in Chapter 7). However, due to a supposedly lower true
advective velocity of the event we can expect a somewhat smaller scale as well. As will be seen
in Chapter 11, the difference in the scale can be 40%.

These events are supposed to be the the most energetic features with characteristic dimen-
sion and frequency 8-16 Hz (with peak at 10 Hz).

The life-time of the ejections is slightly longer, they last for 34 s in full scale. Their non-
dimensional scale reaches value of 1.4H, which even better agrees with the wind-tunnel results.
Further, the longer life-time for the ejection is in full agreement with the duration of the
quadrant events shown in histogram in Figure 9.6.

139



Table 10.3: Intermittency factor and life-time for quadrant events.
Threshold 40% Outward Sweep Inward Ejection

Intermittency 0.01 0.40 0.01 0.39
Life-time (full scale) [s] 4 30 6 34

Threshold [%]

In
te

rm
itt

e
nc

y
χ

20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

Sweep Flat
Sweep Pitched
Ejection Flat
Ejection Pitched
Inward Flat
Inward Pitched
Outward Flat
Outward Pitched

Figure 10.5: Intermittency factor as a function of threshold in percentage of contribution to the
total momentum flux from quadrant events.

As the threshold increases, the intermittency factor decreases. Figure 10.5 shows that in
the flat case, the intermittency falls down more rapidly. Obviously, there is another small
distinction between the flow generated by the flat and the pitched roof geometries.

From Figure 10.6 it is apparent that most sweep and ejection events occur above the roof.
When returning back to the relative momentum contribution in Figure 10.4, we added a thicker
line representing the contribution from the region above the roof (see Figure 10.6). The thin
line denotes the previous total momentum flux in the whole canyon.

We can conclude that the majority of the specific fluctuating motions, almost 80% of the
momentum flux, take place above the roof. Our explanation is simple - the longitudinal velocity
above the roof is much higher so the magnitude of the fluctuations varies markedly. At the
lower levels between the building walls, the flow notably decelerates and the magnitude of the
fluctuations decreases as well. The attenuation in the fluctuations of the horizontal wind is
not sufficiently compensated by an enhanced variation in the vertical velocity inside the street
cavity and the momentum flux vanishes. The only quantity that increases significantly inside
the street canyon is the ratio of the fluctuations to the mean velocity. This causes a high
turbulence intensity calculated in accordance with its definition in VDI (2000).

Concerning the reduced turbulent kinetic energy (computed from U- and W-components),
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Figure 10.6: Time evolution of the relative contributions from sweep and ejection in the region
above the roof (thick line) and from the whole street canyon (thin line) - pitched case.
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Figure 10.7: The time evolution of the contributions from sweep and ejection to the total TKE
- pitched case.

the sweep and ejection are extremely dominant as they contain 80-90% of the total turbulent
kinetic energy (TKE) in the canyon (Figure 10.7). Again, the percentage is the same for the
flat and the pitched case.

The inspection of the typical picture of the flow dynamics between the flat and pitched roofs
reveals that the associated dynamical patterns are completely different. While in the flat case
only small vortices travel almost exclusively at the roof-top level (Figure 10.8), the deformation
of the flow field and the scale of the patterns is much larger in the pitched case (Figure 10.9).
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Figure 10.8: Typical pattern in the flow over the flat roofs with emphasized sweep and ejection
features. Black vectors represent the instantaneous velocity.

Above the flat roofs, there are the sweep and ejection events in the approach flow but they
do not propagate into the canyon. They rather stimulate the production of the small vortices
at the upstream flat roof.

We can conclude that the larger flow structures induce larger interactions between the free
stream and the flow in the street canyon. These findings further support the assumption that
the vertical variability of the pitched roof acts in the same way as a group of buildings with
various heights. Either of the two configurations (pitched roof and variable-height buildings)
would generate higher momentum and intensive scalar flux.

10.4 Partial Conclusion

The Quadrant analysis has been applied to the data for the turbulent flow inside the street
canyon with two different roof shapes. It has been verified that both the sweep and the ejection
represent the most important fractions of the momentum flux. When considering their relative
contributions to the total momentum flux from spatial point of view, both sweep and ejection
contribute by 80-90%. Although, in absolute numbers, the peak of the momentum flux situated
at the pitched roof-top level is twice the one at flat roof-top level, the relative contribution is
the same. The sweep and ejection also contain majority of TKE - up to 80-90%.

Two groups of the quadrant events exist in the street canyon. The first group involves the
large regions of coherent sweep and ejection motions travelling with the approach flow. Usually,
the sweep and ejection get intensified at the edge (or vertex) of the upstream roof. The sweep
and ejection pass the street canyon in alternating fashion. Together they produce a repetitive
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Figure 10.9: Typical pattern in the flow over the pitched roofs with emphasized sweep and
ejection features. Black vectors represent the instantaneous velocity.

pattern with frequency approximately in the range 8-15 Hz.
The second group involves the vortices generated at the surface of the upstream roof. Their

frequencies are centred about 80 Hz.
The appearance of the sweep and ejection events is not the same for pitched and flat roof

case. The intensive shear layer between the flat roofs prevents the above-mentioned large sweep
and ejection from entering in the canyon. Only a fraction of them penetrate into the canyon
on the windward side and speed up the ventilation. The sweep-ejection waves rather stimulate
the production of small scale vortices inside a thin layer at flat-roof elevation. The vortices are
major contributors to the maximum momentum flux at the roof-top level for the flat roof case.

On the other hand, the triangular roofs induce rather the larger structures. These structures
are apparently compact and organised and their spatial extent is comparable to the building
size. They originate from the approach flow, since their characteristic frequency is similar.

The features bring a sudden blasts or lulls into the canyon and affect the efficiency of
the quasi-steady ventilation. In the pitched roof case, they are the major contributors to the
enhanced momentum flux in the upper part of the street canyon.

We can conclude that the sweep and the ejection events are different in terms of structural
shape and magnitude for the two different building arrangements.
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Chapter 11

Wavelet Analysis of the Flow in the

Street Canyon

11.1 Introduction

With all the complexity of three-dimensional turbulence the one-point measurements (although
recorded with high sampling frequency) seem to be inadequate for the detection of organised
patterns.

Despite this, we have tried to identify the dynamical patterns in a simplified manner from
one-point time series of the velocities. The main idea is simple and it is based on TR-PIV
recording of the turbulent flow. We extract the velocity time-series from several points and
analyse them by the Wavelet analysis. The results are then compared with the PIV records of
the velocity vector field.

Because our PIV system measures two velocity components in a 2-dimensional plane (laser
sheet) we obtain a two-dimensional picture of the flow. Each structure crossing the laser sheet
plane imprints its dynamics into the plane. If the structure merely touches the plane the imprint
is weak or negligible. Occasionally, however, the centre of the structure hits the plane directly
and the dynamical pattern is captured well. Such structures are detectable.

The information from on the two components in the 2-dimensional field is insufficient in a
fully turbulent 3-dimensional flow. It is difficult to estimate the real shape of the structure from
2-dimensional information. Thus, the range of identifiable patterns is limited to two-dimensional
features like vortices, waves, etc. And it is even more difficult to identify any structure from
one-point measurements.

Since the 2-component LDA, X-crossed HWA or 5-hole pitot tubes belong to the basic
equipment of an aerodynamic laboratory, we will attempt to interpret the one-point data.
These measurement techniques often have a high sampling frequency reaching up to tens of
kilohertz. Thus, the obtained time-series are suitable for frequency analyses like the Fourier
transformation and the Wavelet transformation.

Inspired by Huang et al. (2010), the goal of this chapter is to employ the Wavelet anal-
ysis for the detection of the coherent motion from the time-series obtained by the one-point
measurements, where only two velocity components were available.

11.2 Local Power Spectrum

The Wavelet analysis was introduced by Morlet in the 1980s, originally as a method for pro-
cessing of seismic signals. Since that time this mathematical technique has undergone a rapid

145



evolution and especially due to Farge (1992) it became applicable to experimental data. With
the fast development of signal processing in wind-tunnel experiments, the Wavelet analysis has
begun to be extensively employed on pressure and velocity data (Gao & Li, 1993; Feigenwinter
& Vogt, 2005; Xia et al., 2009; Watanabe, 2004; Huang et al., 2010).

The first introduction to the Wavelet analysis local power spectra reveals that the region
of high energy can vary in magnitude and shape. The wavelet local power spectrum displays
numerous blurs and splotches. In order to gain insight into their physical meaning, we compared
the spots with the instantaneous snapshots from the PIV measurements. This enabled us to
assign some of the blurs to the corresponding events such as the vortex or sweep events in the
flow field.

In this chapter, we focus on testing the alternative wavelet functions Mexican hat and Morlet
and on determining the physical meaning of the obtained local power spectra in the turbulent
flow. Some of the results have been published in Kellnerova et al. (2010) or Kellnerova et al.
(2011b).

An example of the Wavelet analysis applied to the turbulent flow data from the street
canyon with pitched roofs is shown in Figure 11.1. The velocity time-series at point X/H=0
and Z/H=1 have been analysed. The U-component (upper plot) and W-component (lower
plot) are convoluted with Morlet function. Neither of two plots contains repetitive, elongated
spots that would suggest existence of a prevailing frequency inside the flow. Instead, various
frequencies at various time instances can be seen.

By closer inspection we can conclude that frequency and time of the highly energetic spots
in the scalogram for the U-component (Figure 11.1 - upper picture) coincide with the ones
for W-component (Figure 11.1 - lower picture). Since the Wavelet analysis processes the ve-
locity fluctuation, this coincidence implies high correlation between longitudinal and vertical
fluctuations in the signal. The correlation represents the term for momentum flux (with unit
density) τxz =< u′w′ > in Navier-Stokes equations. Momentum flux τxz is typically large in
the turbulent layer. And, the roof-top layer can be considered as the region of shear layer with
extremely enhanced momentum flux.

The magnitude of power in the scalogram depends on the progression of velocity with time.
The more energy the structure has from turbulent kinetic energy point of view, the larger is
the magnitude of the wavelet coefficient in the scalogram.

Another relevant factor is the shape of the mother wavelet. Morlet function contains several
sinusoids in a row. According to this, the highest wavelet coefficient values often pertain to the
waves or perhaps to consecutive series of large eddies since they supply velocity field by large
quasi-harmonic variations. For example, small and constant equidistant separation between
eddies leads to both better convolution with the Morlet function and higher energy contribution
in scalogram.

The second mother wavelet, Mexican hat function, is very efficient in detecting a single sine
in the signal. It visualizes the sine as two spots with a narrow gap in between, so that each
half-wave corresponds to one spot. The centre of the gap denotes the time when the velocity
crosses the zero value and changes its sign from positive to negative and vice versa. Since every
vortex consists of two half-waves of the signal, it produces two spots in the scalogram.

11.2.1 Detection of Waves

An example of implementation of both mother wavelets is shown in Figure 11.2. For a slightly
higher elevation Z/H=1.2 the U-component is analysed using Morlet function (Figure 11.2 -
upper) and using the Mexican hat function (Figure 11.2 - lower). The Morlet method leads to
relatively smooth patterns and provides a better overview of the scalogram. The energies of
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Figure 11.1: Example of local wavelet spectrum for longitudinal (upper) and vertical (lower)
velocity component at point X/H=0, Z/H=1. Morlet function is used as the mother wavelet.
Black solid line outlines the cone of influence (COI), above which the spectral values are incor-
rect.

the patterns are centred mainly at lower frequencies, i.e. in the range between 4 and 16 Hz.
Spots are rather horizontally elongated, which means that the events last for longer time while
having a constant frequency.

Figure 11.3 shows both mother functions applied to the vertical velocity in the same point
as in Figure 11.1, except that the time interval is shorter. Unlike the U-component, there
is a number of stripes stretched in the vertical direction and centred around a much higher
frequencies.

In the upper plot of Figure 11.3, the blurs stretched horizontally (e.g. orange spot at 16 Hz,
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Figure 11.2: Wavelet analysis of the signal with U-component measured above the canyon
(X/H=0, Z/H=1.2). Upper: Morlet function. Lower: Mexican hat function.

T=1.12 s) are difficult to interpret. However, our detailed analysis of the vertical fluctuation
time-series in Figure 11.4 - upper has helped us to discover that these patterns represent a
long-term wavy alternation of the upward and downward motions. The variation of the vertical
velocity is accompanied by the variation in horizontal direction. The upward and downward
motion coincides with slow and fast wind speed, respectively. Together they form the sweep
and ejection events. We can assume that sweep and ejection travel in the flow and alternate
with the corresponding frequency.

It is worth noticing that the small fluctuations inside the large wavy pattern in Figure 11.4
- upper make the signal rather ragged. This implies that the large-scale sweep and ejection
motions are accompanied by noise and small-scale perturbations in the velocity field.

The snapshot of the flow field, recorded by PIV, is shown in Figure 11.4 - lower left. Therein,
the sweep events passed the red point and are closely followed by ejection. Both events are now
situated on the right side of the picture. A new sweep event appears on the very left side of the
vector field and the event is about to cross the measurement point. That is why the negative
momentum flux is dominant in the turbulent boundary layer. Another snapshot of the strong
sweep event is displayed in Figure 11.4 - lower right.

The typical frequency of sweep-election wavy alternation lies in the range 4-16 Hz. Con-
sidering the mean wind speed at elevation Z/H=1.2, the characteristic scale of the wavelength
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Figure 11.3: Wavelet analysis of the signal of W-component measured above the canyon
(X/H=0, Z/H=1.2). Upper: Morlet function. Lower: Mexican hat function.

is 200-800 mm. This value exceeds the wind-channel dimension of 250 mm, thus we assume
that these flow features acquire the shape of longitudinal waves. We conclude that the horizon-
tally elongated blurs reflect a long-term oscillation at a certain frequency. Namely, the blurs
represent the passage of the significant sweep and ejection events in the wavy-like fashion.

There are another blurs in the scalograms that lies at lower frequencies but their shape
is neither horizontally nor vertically stretched. In Figure 11.2 - upper, one example is the
orange spot at time T=2.4 s and frequency of 10 Hz. These patterns have rather "amoeboid"
shape. They are too short to exhibit a repetitive behaviour so they are considered to be single
occasional sweep or ejection events.

11.2.2 Detection of Vortices

When one compares the Morlet and Mexican hat scalograms, the latter one are rather confus-
ing. However, the real benefit of the Mexican hat function lies in the analysis of the vertical
component. We will show that the blurs elongated in vertical direction and centred at high
frequencies (32 - 128 Hz) represent the passage of vortices. For vortex identification, the vertical
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Figure 11.4: Upper: Time series of the vertical velocity signal capturing downward and upward
motion at X/H=0, Z/H=1.2 for pitched roof case. The red line represents Morlet function.
Lower left: Snapshot at T=1.134 s of flow with passage of sweep and ejection followed by
another sweep (in the red rectangle). Red dot denotes the position of the measurement point.
Lower right: 4 ms after the situation shown in the left snapshot at T=1.138 s, the passage of the
large sweep events takes place above the street canyon (in the red rectangle). The longitudinal
velocity 2.5 ms−1 is subtracted from the flow.

component is much more convenient.
The circular spot in the Morlet analysis (in Figure 11.5 - upper left) at time τ=1.7 s shows

that this compact pattern has frequency of 84 Hz. Since the Morlet function consists of several
sines, it catches well the passage of several vortices in the row. The Wavelet analysis using
Mexican hat shown in Figure 11.5 - upper right identifies in this pattern four spots with three
separation gaps.

It supposedly represents two vortices. However, close inspection has revealed that these
patterns represent three vortices, although the very first and very last half-waves are too weak
to produces a visible spot in the scalogram. Using an extremely fine resolution of the contour
levels would uncover all six spots appertaining to all three vortices.
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Figure 11.5: Detail of Wavelet analysis of signal with W-component measured above the pitched
roof canyon at X/H=0, Z/H=1.2 at time τ = 1.7 s. Upper left: Circular shape on the Morlet
analysis captures the passage of several vortices. The plot shows the square of modulus. Upper
right: The Mexican hat function decomposes the blurry pattern in the Morlet analysis into
individual vortices. The plot shows the square of modulus. Lower: The Mexican hat function
applied with modulus only. The modulus of the wavelet coefficient reveals the sign of the
vertical fluctuation.

To learn out more about a vortex, we can use a modulus of wavelet coefficient as the output
instead of square of modulus (Figure 11.5 - lower). By doing this, we obtain information about
the sign of the half-waves for the vertical velocity. The negative sign corresponds to the sweep
event, which appears in the signal while the vortex is entering a measurement position (blue
colour). The positive denotes the ejection that occurs on the back side of the vortex when the
vortex has already passed the position (orange colour). In a typical temporal evolution, the first
events is negative (sweep) and the second one is positive (ejection). This makes a clock-wise
sense of rotation of the vortex.

The passage of the vortex can be clearly seen from the associated time-series depicted in
Figure 11.6 - upper. The sweep and ejection events are marked using colourful labels. Each
sweep-ejection couple produces one vortex. The before-mentioned vortices passed so rapidly
that the detection of the sinusoidal waves is close to the limit of the temporal resolution of
our PIV system (500 Hz). When the vortices passed the analysed position (red dot in the
Figure 11.6 - lower left and right), they imprinted themselves as three successive sinusoidal
functions. Approach of the vortex can be identified by the negative vertical fluctuation, which
means that a sweep event in the front of eddy reached the given position. On the other hand,
the positive vertical fluctuation indicates that the vortex centre has passed the position and
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ejection event on the rear part of the vortex takes place.
The vector field inside the street canyon surrounded by buildings with pitched roof is shown

in Figure 11.6 - lower. Both pictures show the snapshots with vectors of instantaneous velocity.
Value of 2.5 ms−1 is subtracted from the longitudinal component to accent the circular shape
of vortices. The left snapshot displays one circular vortex passing the measurement position.
The right snapshot records the situation a few milliseconds later when the analysed position is
at the saddle point between the first and second vortex marked by red circles.
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Figure 11.6: Upper: Time-series of the vertical velocity component at X/H=0, Z/H=1.2 above
the canyon with pitched roof. Lower left: Instantaneous velocity field showing passage of vortex
(red circle) over the measurement position (red dot) at T=1.698 s. Lower right: Two red circles
denote two consecutive vortices in the vector field at T=1.702 s. The convective longitudinal
velocity of 2.5 ms−1 is subtracted from the flow.

We will now turn our attention back to the Figure 11.5 - lower. For time τ = 1.64 s and
frequency of 46 Hz we can see an example of inverse anti-clock wise rotation, in which orange
colour comes first and is followed by blue colour. The snapshot confirms the rare counter-
clockwise sense of vortex (not shown).

Thus, the Mexican hat analysis gives us information about vortices passing the measure-
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ment position. Unfortunately, sometimes the vortex footprint in the velocity signal is hardly
discernible from pure shear. Another limitation of this measurement techniques is the sample
frequency due to which the smallest vortices (smaller than 3-4 mm) are not detectable.

From Figure 11.6 - upper, we can estimate the life-time of the individual vortex at frequency
f=84 Hz as τ=0.010 s. Considering the advective velocity of the vortices at this point (2.5 ms−1),
based on the Adrian et al. (2000), the scale of the vortices is 25 mm (0.50H). This value is in
good agreement with the scale ≈ 24 mm observed in the snapshots in Figure 11.6 - lower. It
also perfectly matches with the eddies with frequency 80-90 Hz and scale of 23 mm (0.46H),
that were identified in Fourier spectral density plot from for the pitched case (see Figure 8.9).
It is good to emphasise that local mean velocity at this point is 3.4 ms−1 so the scale of vortex
would yield as 34 mm. The utilisation of the local mean speed instead of the advective velocity
produces overestimation of the vortex scale by 36%.

11.3 Total Power Spectrum

The total power spectrum is the integral of the local power spectra over time. Since HWA
provides very high sample frequency of 25 kHz, the spectral characteristics can describe the
energy density up to the Nyquist frequency of 12.5 kHz. To verify the PIV measurement, a
comparison between the HWA and PIV data from several altitudes above the canyon has been
performed (see Figure 11.7 - upper). The wavelet spectrum for the HWA data is smoother
because the finest step of scale in the Wavelet transformation is 2 ∗ dt = 8.10−5, where dt is
the time step. The finest PIV scale resolution is ’only’ 2 ∗ dt = 4.10−3, which results in a
poorer frequency resolution. Despite the different resolutions, the total spectra based on PIV
measurement fits well with the spectra obtained from HWA.

The HWA spectrum includes peak around 5 Hz velocity signal at the lowest level Z/H=1.2
(see Figure 11.7 - lower). At the higher elevations (up to Z/H=3.6), the peaks are gradually
shifted towards the frequency of 10 Hz.

The energy spectra at different horizontal positions in the canyon have also been studied.
Figure 11.8 - upper shows the example of total wavelet power spectra at the roof-top level
(Z/H=1). Here, the profiles collapse well into each other. The common peak at around 10
Hz can be seen in all horizontal positions. At low frequencies with the order of 1 Hz, larger
eddies or wavy events emerge more often near the windward region (green colours) than near
the leeward region (purple colours). This is because the sharp edge of leeward roof tends to
generate the small eddies and break the large ones. As a result, the energy of the large eddies
(low frequencies) is slightly lower on the leeward side. It should be taken into account that
the events with the frequency of 1 Hz cannot appear often in the recording with only 3.2 s of
duration. Thus, the statistical description of the low-frequency dynamics is not reliable.

Figure 11.8 - lower depicts the situation at the lower elevation, inside the canyon. The plot
shows the significant variability of power spectra with horizontal position. This occurs due to
the markedly different flow regimes on the leeward and the windward side. The windward side
exhibits high energy for small eddies, whereas middle part exhibits more energy in the large
scale.

11.4 Partial Conclusion

The Wavelet analysis has been applied to the measured data using two popular types of the
mother functions. Due to better image in the Fourier space, the Morlet function was chosen as
more suitable for the preliminary overview of the wavelet results. The Mexican hat function was
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Figure 11.7: Upper: Total power spectrum derived from HWA and PIV velocity series for
different altitudes Z/H=1.1-1.4. Lower: Total power spectrum derived from HWA velocity
series for different altitudes 1.2<Z/H<3.6.

used for detailed inspection of vortical structures. The spots found in the local power spectrum
have been checked against the PIV recordings in order to determine the physical interpretation
of the spectral power patterns.
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Figure 11.8: Upper: Total power spectrum in several spatial positions at elevation Z/H=1.
Lower: Total power spectrum at elevation Z/H=0.3 (see colourful legend at top).

The vertically stretched spots at high frequencies represent vortices, passing along the mea-
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surement position. The "amoeboid" shapes of the spots at lower frequencies are non-recurring
sweep or ejection events.

The horizontally elongated patterns correspond to the multiple sweep and ejection events
passing in a quasi-periodic wavy-like fashion with frequencies within the range 4-16 Hz. These
waves are presumably identical with the sweep-ejection alternations which were detected by
Quadrant analysis in Chapter 10.

The total spectra from PIV and HWA produce similar results. We have also inspected vari-
ous spectra from various horizontal positions inside the canyon. The spectra at lower elevation
have significantly different curves. We conclude that the flow regime is very complex inside
the street and largely depends on the horizontal location. At the roof-top level and above the
canyon, the spectra from different horizontal positions are much more similar, with only minor
differences observed close to the leeward side.
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Chapter 12

Detection of Sweep and Ejection

Events by Wavelet Analysis

12.1 Introduction

As was shown in Chapter 11, Wavelet analysis applied to the longitudinal and the vertical
velocity components in the region of intensive turbulence produces strikingly similar output. It
confirms the high correlation between longitudinal fluctuation u′ and vertical velocity fluctuation
w′. This is not surprising as it is known that the downward momentum flux < −u′w′ > is
enhanced in the turbulent boundary layer (BL).

Within the street canyon, the flux reaches its maximum negative value approximately at
the roof-top level (Kastner-Klein & Rotach, 2004; Kellnerova et al., 2009). The decomposition
of the momentum fluxes using the Quadrant analysis reveals that the major contributors to the
time-mean momentum flux < −u′w′ > are a sweep and an ejection, especially inside the shear
layer generated by the roof.

Further, according to previous chapter, the most dominant events from the point of view
of instantaneous momentum flux spatially distributed in the street canyon are again the sweep
and the ejection. They both contain a large portion of the momentum flux at many instants of
time. We have found out that the sweep and the ejection can represent up to 80%-90% of the
total momentum flux in the canyon cross-section (plane XZ).

The sweep and the ejection also accompany many of the organised structures in the turbulent
flow. By subtracting the advective velocity of the vortex core from the velocity in the whole
vector field (Adrian et al., 2000), we can reveal the natural circular shape of the vortex. The
sweep area is located downstream of the vortex core whereas the ejection is in the rear section of
the vortex. The wavy patterns passing in the flow have the same configuration. The downward
motion of the wave is represented very often by the sweep event and the upward part by the
ejection. On rare occasions the strong downward part can be accompanied by the inward
interaction and upward part by the outward interaction.

The sweep and ejection are connected to many coherent structures in the flow. This chapter
will be devoted to the detection of the sweep and ejection events by Wavelet analysis. The
results have been published in Kellnerova et al. (2014).

12.2 Definition of Events

In order to gain insight into the flow events we studied a 3.2 s lasting video from PIV. The
video was recorded with 500 Hz sampling frequency, which corresponds to 1600 snapshots of
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velocity vectors field with time steps of 0.002 s. In Chapter 14 it is verified that the time-step
and number of snapshot should be sufficient to capture the dynamics of the street canyon flow.

The video shows several propagations of air into the canyon (sweep) and escape of the air
from the canyon (ejection), many small vortical structures generated at the roof-top level, waves
passing above the roof-top level with acceleration and deceleration.

The methods for detection of the vortices and the waves was presented in previous Chap-
ter 11. We will now focus on features, which have apparently the main influence on the flow
regime in the cany on. These are exceptionally strong sweep and ejection events. The overview
of the events is listed in Table 12.2.

We chose two significant events to be captured by every available analysis, since they were
the most dominant processes in the whole period. The first selected event is the strong sweep
at T=0.410 s and the second one is the extreme outflow-ejection at T=2.412 s. These events
are labelled by bold text in Table 12.2. We tested various Wavelet analytical approaches to see
whether they are able to detect the two events precisely and unambiguously.

Table 12.2: Significant sweep-ejection events
Time [s] Description of the event

0.062 Ejection
0.410 Sweep
0.926 Sweep
1.154 Sweep
1.188 Ejection
2.412 Ejection
2.468 Sweep

12.3 Wavelet Analysis of Longitudinal and Vertical Velocity

At first, we conducted an analysis of the longitudinal velocity U. We chose a representative
spatial point in the middle of the canyon at the roof-top level. The point has coordinates
X/H=0 and Z/H=1. We chose this point because it is a well-defined point in any street canyon.

Let us remind here that the Morlet wavelet function convoluted with U-component results
in the scalogram in Figure 12.1. The square of the modulus of the complex wavelet coefficient
is depicted in the scalogram. The picture shows many highly energetic spots at frequency range
between 4 and 16 Hz. A few patterns lie around 32 Hz.

The previously selected sweep and ejection events are visible in the picture, however, they
are not distinguishable from each other nor they are distinguishable from the other events
occurring during the recorded time. This implies that we must find a better approach to
identify the events.

When implementing the Mexican hat function (see Figure 11.2 in Chapter 11), the square
of the modulus is rather confusing, since it produces an enormous number of spots. The
energy, frequency and times of the spots are in good agreement with the spots in Morlet
case. Notwithstanding, the number of spots is so high that the whole picture becomes almost
unreadable.

Therefore, we plotted only the modulus of the wavelet coefficient, which informs us about
the sign of the fluctuation (Figure 12.2 - upper). The different colours help us to determine
the sign of the longitudinal fluctuation. The green colour denotes deceleration and the orange
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Figure 12.1: Scalogram of the Wavelet analysis with the Morlet function as the mother wavelet
applied to the longitudinal velocity U at point X/H=0, Z/H=1. Square of modulus of the
wavelet coefficient is plotted.

colour denotes acceleration of the longitudinal velocity. In the lower picture in Figure 12.2 the
green colour denotes downward motion and orange color denotes upward motion. Both pictures
in Figure 12.2 show how often acceleration and corresponding descend of the flow is alternated
with deceleration and corresponding ascend, respectively.

In Figure 12.2 - upper, only the most intensive features are visualized. The time scale of
accelerations and decelerations in the flow are rather long, so these processes unlikely represent
the vortical motions. The majority of the processes occur between 8 to 16 Hz, which correspond
to a wavelengths larger than the vertical dimension of the wind channel. This suggests that the
accelerations and decelerations are products of the longitudinal waves passing in the channel.

Two large events are visible at T=0.410 s and T=0.926 s. The first one is the preselected
event. The second one is the third event from the list of significant events mentioned in Ta-
ble 12.2.

Unfortunately, the ejection event in the tail section of the signal (T=2.412 s) is not ac-
centuated enough in Figure 12.2 - upper, so the method did not visualise this strong ejection
properly. The scalogram of the vertical component (Figure 12.2 - lower) exhibits apparently
the ejection event (orange spot, T=2.412 s) but on the other hand, it detects the sweep event
(green spot, T=0.410 s) only very weakly.

12.4 Wavelet Analysis of Momentum flux

The information about acceleration and deceleration of the flow in the horizontal and the vertical
direction is interesting but insufficient for reliable detection of organised motions. Thus, we
attempt to analyse instantaneous values of the momentum flux u′w′.

Upper picture in Figure 12.3 depicts the time-series of the momentum flux at the same point
(X/H=0, Z/H=1). We also chose a threshold denoted by the red solid line. The threshold can
be chosen arbitrarily, however, it should be adequate for the magnitude of the studied events.
The lower the magnitude, the lower the threshold and the more events (even undesired) can be
detected.
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Figure 12.2: Wavelet analysis with Mexican hat as the mother wavelet applied to the U- and
W- components of the velocity at point X/H=0, Z/H=1.

In our case the threshold is u′w′=-4. This results in 19 detected events. After inspecting
the PIV video we found out that most of the events belong to the sweep type.

We applied the Mexican hat function solely to this time-series, since the curve of the peaks
of the momentum flux agrees well with the shape of Mexican hat function. In Figure 12.3 -
lower, the strong sweep activity occurring at T=0.410 s is captured satisfactory. Some other
events are detected as well, however, the selected ejection is almost invisible in the scalogram.
There is only one large spot with a very low energy at a low frequency. Since the ejection lasts
for a long time (i.e. it has a long time period), the low frequency seems correct. This ejection
event does not exhibit any outstanding peak of the momentum flux, so it is almost hidden in
the natural variance of the momentum flux. Because the ejection event does not exceed the
threshold of the momentum flux, it does not produce a strong convolution with Mexican hat
function and the final wavelet coefficient is low.

12.5 Wavelet Analysis of δS

Since the previous approaches have provided us only limited information or have not been able
to detect both significant events, we have changed our approach. We posed two questions:

1 What is the most suitable quantity to represent the sweep and ejection events?
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Figure 12.3: Upper: Time-series of momentum flux at X/H=0, Z/H=1. The dominant sweep
and ejection events are identified by added labels. Lower: Wavelet analysis of the momentum
flux using the Mexican hat function.

2 Where is the point which is the most representative for the processes occurring in the
whole street canyon?

To answer the first question, we have turn our focus on the momentum flux contained only in
the sweep and the ejection events. Each time-series of the momentum flux can be decomposed
by the Quadrant analysis into four quadrants. The time-series for the sweep and the ejection
can be extracted. We can then combine these two time-series together.

It is convenient to preserve the sign of the sweep event (which is naturally negative) and
inverse the sign of the ejection momentum flux (changed from the naturally negative to positive)
and insert both into a single empty signal.

At each instant of time, momentum flux can belong only to one of the four quadrants.
Based on our findings in Chapter 10, the only events worthy to detect are the sweep and the
ejection. The other two are too weak and from certain point of view, they represent noise in
the time-series. Thus, we do not introduce a large error by creating the artificial sweep-ejection
signal.
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Figure 12.4: Artificial δS time-series created by inserting sweep with negative sign and ejection
with inverse sign (now positive).

As was shown in Chapter 10, the sweep and the ejection together occupy almost 80% of the
acquisition time, so only 20% of the signal remains empty. The example of the artificial time
series from at X/H=0, Z/H=1 is shown in Figure 12.4. It is clear that the large majority of the
signal is filled by sweep and ejection. Further, it can be also deduced that the absolute value
of the momentum flux contained in the ejections (positive values) is lower than in the sweeps
(negative values). The artificial time-series can be regarded as a signal with δS or, in other
words, the consisting of instantaneous subtractions of the ejection values from the sweep values
at each instant of time. In this particular case of time-series is clear that, by the definition,
when sweep momentum flux exists, the ejection is zero and vice versa.

The second question requires a further analysis. As we mentioned in Chapter 10, from the
spatial point of view, the relative contribution of the sweep momentum flux captured in the
snapshot can be 80%. The same is true for the ejection. The maximum relative contribution is
achieved occasionally. Also, the sweep and ejection pass the canyon in alternating fashion, so
the sweep peaks are almost regularly altered by the ejection peaks and vice versa. In certain
time instants, the contribution of sweep is decreased in favour of ejection and vice versa. When
the relative contribution from one event becomes equal to the relative contribution from other
one event, the relative contributions usually have a typical value of -40%.

In other words, if we determine a threshold of -40%, the momentum flux in the street
canyon is exclusively absorbed by either the sweep or the ejection event. This process occurs
in the whole XZ cross-section of the canyon, thus we need to find a single-point location that
is perfectly (or as much as possible) representative of the processes inside the whole region.

The main idea is to compare data-series from many locations with one time-series that
accurately represents the overall processes in the canyon. The relative spatial contribution of
the sweep and the ejection seems to be suitable candidate. The only problem is to create a
proper data-series similar to the one in Figure 12.4, since at given time instants, there are
simultaneous occurrence of sweep and ejection in the canyon.

To solve this issue, we took the time-evolution of the relative spatial contribution published
in Chapter 10. We have inversed the sign of the ejection event as in Figure 12.4. After that,
we added ejection (which is artificially positive) to sweep (which remains naturally negative) in
every time step. By doing this, we have introduced a small error into the values of the relative
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Figure 12.5: Representative δS time-series created by subtracting of the relative contribution
of ejection (positive sign) from the relative contribution of sweep (negative sign).

contributions for sweep and ejection. Since the contributions from the sweep and ejection
exhibit do not strongly overlap, the resulting data are only slightly modified. The time-series
with relative contributions of the sweep (red thin line) and the ejection (green thin line) and
the final data-series (black thick line) are depicted in Figure 12.5.

The one-point data with sweep-ejection values and the representative (artificial) data-series
with sweep-ejection spatial contributions are compared using the correlation. Figure 12.6 shows
the correlation of various spatial locations with the representative series (Figure 12.5). We can
observe high correlation coefficients (R≈0.7) in the large elliptic region above the roof-top level.
The region extends vertically from Z/H=1.15 up to Z/H=1.5 and horizontally from X/H=-0.3
to X/H=0.2.

We can conclude that the structures above roof area are highly correlated with sweep-
ejection process. This is in agreement with our conclusion in Chapter 10 that the majority
(almost 90%) of the sweep and ejection events occurs above the roof.

The degree of correlation decreases in the downward direction and even attains small neg-
ative values (R=-0.3) at the bottom of the street. This "anti-correlation" is weak, however, it
suggests that when the sweep comes into the upper part of the canyon, the ejection occurs at
the bottom and vice versa.

We performed the Wavelet analysis for the time-series in red dot in the highly correlated
area (coordinates X/H=0, Z/H=1.2 in Figure 12.6). The point can be chosen anywhere inside
the elliptical reddish area with no significant difference in results. The final scalogram with
modulus based on the Mexican hat convolution with the sweep-ejection time-series is shown in
Figure 12.7.

The resolution of the colour level was reduced in order to enhance readability of the plot.
We can see that the number of significant events is low, as we desired. Both dominant sweep
and ejection events, which served for the test purpose, were detected with a high degree of
reliability. This approach seems to be the most reliable, easy and fast for one-point times-series
of measured (or numerically modelled) longitudinal and vertical components of velocity.

Similar results were obtained for the flat roof case. The highest correlation between one-
point time-series and the representative sweep-ejection series is located in the same area (see
Figure 12.8). This is actually very advantageous location for analysis since the middle of the
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Figure 12.7: Wavelet analysis with the Mexican hat function as the mother wavelet applied to
artificial sweep-ejection time-series at X/H=0, Z/H=1.2.

canyon and elevations 1<Z/H<1.5 are typical places used to study canyon flows. Usually, we
do not know a priori the proper region to be investigated by the Wavelet analysis. Therefore it
is convenient that for a street canyon with aspect ratio equal to one, this area is representative
for detection of the coherent structures.
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Figure 12.8: Correlation between the time-series created by inserting sweep (with naturally
negative sign) and ejection (with inverse sign) in all points in the canyon with flat roofs and
the time-series in Figure 12.5. Flat roof case.

12.6 Partial Conclusion

In this chapter we have described the methods of detection of organised sweep end ejection
motions in the flow inside the street canyon, since they are the only coherent features that can
be identified reliably y wavelet analysis. Two mother wavelet functions have been implemented,
each have proved to be suitable for the identification of different type of structures.

The best results were obtained using modulus of the wavelet coefficient with utilisation of the
Mexican hat function. The modulus provides the information about the sign of the fluctuation
of a given physical quantity. The best quantity for the analysis appears to be the artificial sweep-
ejection time-series that can be easily calculated from 2-component velocity measurements. We
have recommended a suitable location where single-point data-series are highly correlated with
behaviour of the whole canyon. The data-series, taken in these recommended points, reliably
describes the overall behaviour of the flow inside the canyon and can be successfully used for
the Wavelet analysis.
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Chapter 13

Proper Orthogonal Decomposition

13.1 Introduction

In previous chapters, we were able to detect three types of structures with a certain degree of
coherence. The first ones are vortices, either generated at the building roof or being advected
with the approach flow. In Chapter 11, we detected the vortices from time-series with two
velocity components. With planar data from PIV, it is preferential to identify the vortices
by some of vortex core detection methods. Apart from the vorticity, many authors use vector
derivatives, such as swirling strength (Adrian et al., 2000; Tomkins & Adrian, 2003) or so-called
lambda-2 (Coceal et al., 2007). The mathematical prescriptions for these methods are given in
Chapter 5.

However, the coherent motion can occupy much larger region than suggested by the scale
of the vortices. Vertical extent of the organised motion is limited only by the thickness of the
boundary layer and in horizontal direction it may cover much longer distance. We documented
in Chapters 10 and 12 that in this particular street canyon, semi-periodic wavy patterns and
occasionally strong sweep and ejection events extend from the roof-eave level up to the upper
margin of the investigated area. Therefore, another approach has to be utilised for the detection
of coherency in the turbulent flows.

One suitable method is proper orthogonal decomposition (POD). It was proposed as a tool
for detection of the large organised motions by Lumley (1967). Mathematical background of this
method is explained in Chapter 5. To briefly recall, the biggest advantage of the method is the
fact that a basis is not chosen a priori as in the Fourier or Wavelet analysis. The disadvantage
is hidden in the word orthogonal. Orthogonality enables to calculate the modes more easily
and allows to execute a linear reconstruction of the flow. On the other hand, physics of the
turbulence are not governed by the law of orthogonality, so the utilisation of the orthogonal
modes is not physically justifiable. Although the POD results can be graphically interesting,
their physical meanings are not trivial to interpret. We have to take a care when assigning the
certain coherent structures to the modes.

The input data for POD may be an arbitrary physical quantity (velocity, pressure (Bi-
enkiewicz et al., 1995), vorticity (Gurka et al., 2006), luminosity (Tesar et al., 2011), temper-
ature (Ly & Tran, 1999), etc. In each case POD always evaluates the maximum projection of
the fluctuations of the investigated quantity in overall sense.

Present chapter focuses mainly on the interpretation of particular POD modes inside the
street canyon. Comparisons have been made between the POD of velocity and POD of vorticity.
Vorticity itself and vortex detection techniques are investigated as well. The major part of the
results has been published in Kellnerova et al. (2012).
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All analyses are performed on second run of PIV with pitched roofs which shows better
statistical similarity with the mean values. The run lasted for 3.2 s. The analogous data were
obtained for the flat roof case. In both arrangements, the computational area is restricted to
the inner rectangle in the street to provide identical region for comparison purpose.

To justify rather short acquisition time of PIV measurement and high sampling frequency,
the sensitivity of POD results on sample frequency and acquisition time is performed in Chap-
ter 14. The sensitivity test confirms that the recording time 3.2 s is long enough to capture
essential dynamics in the flow. The term essential dynamics herein refers mainly to the large,
organised structure detectable by POD. The test also verified that sampling frequency of 500
Hz is sufficiently high in order to record small-scale structures. Presumably, investigation of
the evolution in time for these small structures would need the sampling frequency of 1000 Hz.
Extra experiment with 1000 Hz and acquisition time 1.6 s was executed and it affirmed these
assumptions. However the 1.6 s is too short time interval for any legitimate statistical perfor-
mance. Therefore, as a reasonable compromise, we chose PIV setting providing the acquisition
time of 3.2 s and sampling frequency of 500 Hz.

13.2 Mean Velocity Field Inside the Street Canyon

The time-averaged flow fields (averaged over 3.2 s) are plotted in Figure 13.1. The main
recirculation zone in the pitched case has a core at the level of roof eaves, since the pitched
shape causes the off-set of the core upwards in the street. Two secondary vortices can be seen
in the corners of the canyon.
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Figure 13.1: Left: Mean velocity field inside the street canyon with the pitched roofs (PIV).
Right: Mean velocity field inside the street canyon with the flat roofs (PIV).

13.3 POD of Velocity

The first analysis we have performed was Proper Orthogonal Decomposition applied to velocity
fluctuation data. POD algorithm identified the dominant modes in flow dynamics in terms of
turbulent kinetic energy (TKE). Since POD provides the value of TKE in every mode, we can
establish a relative contribution of the energy in particular modes. The relative contribution is
obtained as a fraction of each eigenvalue from the sum of eigenvalues (see Chapter 5).
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Figure 13.2: Left: Relative contribution of individual POD modes for pitched (red triangles)
and flat roofs (grey squares). Right: Cumulative relative contribution.

If the first mode contains a high percentage of TKE, then this first mode represents a highly
coherent structure. Such flows, which exhibit such a high relative contribution in the most
dominant mode (e.g. 30% - 40%) are considered to be highly organised. Consequently, the
more energy is captured in a few modes, the more coherence is contained there and less energy
remains participating as noise.

Figure 13.2 shows the relative contribution of each mode for both roof arrangements. The
relative value of TKE is shown in the diagram at left. The very first mode of the flow above
the pitched roofs (data symbols: red triangles) contains around 32% of energy. This is a rather
high value. The contributions from the other modes decrease very quickly with increasing mode
number. The two immediately following modes have only 7% and 6% of TKE and the rest of
values contribute very little.

The flow above the flat roof (data symbols: grey squares) is a somewhat less coherent in
comparison with the pitched-roof case. The contribution from the most dominant mode is 27%.
The second mode contains again 7% of TKE and the next one 4%.

The diagram at right in Figure 13.2 is the cumulative contribution, again presented for both
geometries. The faster is the rate of convergence, the higher level of coherency should be in the
system. The pitched roof case (red triangles) converges slightly faster than the flat roof case.
We can conclude that the pitched roofs generate a flow with higher variation of velocity (e.g.
more powerful fluctuations) in an organised sense (e.g. within the organised motion).

We can establish how much TKE is captured in the several most important modes. To
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provide a number that is comparable with other studies when different numbers of modes are
carried out, we calculate always the first 1% or 10% percent of the most important modes. As
Table 13.3 shows, to cover almost 90% of turbulent kinetic energy in the flow we need only 10%
of modes.

Table 13.3: Cumulative relative contribution [%].
Percentage of modes Pitched Roofs Flat roofs

1% 66 58
10% 89 86

POD eigenvector θn illustrates the spatial shape of energetic mode of the flow (Aubry et
al., 1991). The mode is assumed to be coherent and significant in the flow dynamics. The first
four dominant modes calculated for the pitched roof case are presented in Figure 13.3. Software
TECPLOT was used to visualise the shape of the modes by pseudo-streamlines.
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Figure 13.3: Upper line from left to right: The first, second, third and fourth POD mode of
flow above the pitched roofs. Lower line from left to right: The first, second, third and fourth
POD mode of flow above the flat roofs.

The first pair of pictures on the left-hand side in Figure 13.3 shows the most dominant mode
(Mode 1). It has a character of a vortex behind the upstream roof (either slanted or flat). On
the upper boundary of the vortex a strong sweep/ejection motion occurs. Shape of the vortex
is derived from all the snapshots involved in the computation and is a function of space, not of
time. The vortex behind pitched or flat roof appears so often and is so powerful that 32% or
27% of total TKE is captured in it.

The second dominant modes show the recirculation zone in the middle of the canyon (Fig-
ure 13.3 - Mode 2). It has to be emphasized that the position of vortex core of the Mode 2
differs significantly from the position of time-mean vortex, averaged over the whole acquisition
time of 3.2 s (compare with Figure 13.1). The saddle point at the upper upstream part of the
picture is caused by the capability of the recirculation to produce very strong motion which can
decelerate the approach flow above the roof-level. Contribution to the TKE is 7% for both roof
geometries. This proportion of energy is much lower than the energy inside the vortex behind
the roof.
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The third modes may be interpreted as the inflow or outflow event (Figure 13.3 - Mode 3)
and contributes by 6% to total TKE in the pitched case and 4% in the flat case. This mode,
if it becomes strong, suppresses the recirculating motion and paralyses the ventilation of the
pollution. Finally, the fourth modes differ very much between the pitched and the flat cases.
The pitched case shows the lower vortex as the dominant structure (Figure 13.3 - Mode 4).
The lower vortex participates by 4% to the total energy. The chaotic structure of the Mode 4
in the flat case contains only 2.5% of TKE. Table 13.3 brings overview of the modes and their
contributions.

Table 13.3: Relative deviation of PIV runs [%].
Mode Description PR FR

Mode 1 Vortex behind the roof 32% 27%
Mode 2 Recirculation between the wall 7% 7%
Mode 3 Inflow/outflow 6% 4%
Mode 4 Vortex near the bottom of street 4% 2.5%

In order to keep the results in this chapter well-arranged, we have selected the pitched roof
case results as the representative and very interesting outcome from POD applied to flow inside
the street canyon.

Every mode θn has its own series-expansion coefficient an(t). From definition, the cross-
correlation of the coefficients should equal to zero. This was verified and the scatter plot for
three coefficients are displayed in Figure 13.4.
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Figure 13.4: Scatter plot of the POD expansion coefficients a1, a2 and a3 for the pitched roof
case.

In Figure 13.3, the small black arrows on the streamlines of each spatial mode can point
either into the same direction if the coefficient is positive or into the opposite direction if the
coefficient decreases below the zero value.

The coefficient acts as a weight factor in time. We evaluated a standard deviation and the
maximum value along the acquisition time for the coefficients of each mode (Figure 13.5). The
coefficient of the most dominant Mode 1 reaches the highest value of the maximum as well as
standard deviation. With increase in the mode number the significance of coefficients quickly
vanishes. There is a striking difference between pitched and flat results. The pitched values are
markedly larger. We can conclude for the pitched case that all modes are more pronounced so
that the flow is significantly more variable. The flat roofs generate a relatively smoother flow
without so large magnitude of the fluctuations.
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Figure 13.5: Standard deviation and maximum value evaluated for each times-series of the
expansion coefficients.

The temporal evolutions of the expansion coefficients are depicted in Figure 13.6. An ex-
treme appearing in this time-evolution of the weight function is an indication that the particular
mode plays a significant role at an instant of time (the coloured circles in Figure 13.6. We have
confronted temporal position of peaks with PIV records and successfully assigned the relevant
mode to the dynamics of the event. From PIV record can be seen that even the fourth mode
with only 4% of TKE is sometimes crucial for the dynamics and can substantially modify the
general flow.
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Figure 13.6: Temporal evolutions of the four expansion coefficients (attributed to the modes
1-4) for pitched roof case. The circles denote the extremes of the coefficients. Time-lag between
two snapshots is 0.002 s.

The expansion coefficients exhibit a certain repetitive pattern. For example, the maximum
of the first coefficient is often followed by maximum of the second coefficient (see orange circles
(not yellow ones) in Figure 13.6). With certain level of simplification, we can draft a scenario
of the flow dynamics (see Figure 13.7): at the very beginning, a fast approach flow causes a
formation of a vortex behind the roof (positive blue Mode 1). This well-developed vortex is
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Figure 13.7: Upper: The scenario in the flow inside the canyon with the pitched roofs. Lower:
The individual snapshots No. 204 (at left) and No. 219 with vector field (at right).

perfectly visible in the snapshot No. 204. The sweep event on the upper boundary of this
vortex (negative green Mode 3) enters into the canyon and spins up the recirculation between
the canyon walls (positive red Mode 2). This recirculation is pushed downwards (positive
grey Mode 4) by the new incoming air. Sometimes, the low vortex (positive grey Mode 4)
undertakes an outstanding intensification and produces a strong ejection event (positive green
Mode 3) afterwards. The strong ejection and inverse rotation of the roof vortex (negative blue
Mode 1) are captured in the snapshot No. 219.

To reveal a statistical significance of the scenario, we have calculated a mutual time-lag
correlation between the four expansion coefficients (Figure 13.8). The correlation between the
first and the second mode (red curve) reaches up to R12=0.45 for time lag τ=14 ms. This means
that once the vortex behind roof is established, the strong downdraft on its upper boundary
penetrates into the canyon and speeds up there the rotation between the walls after 14 ms.
The situation is drafted in Figure 13.8 at the nearest of the corresponding correlation peak.
Likewise, there is a marked negative peak for the red curve at time lag τ=-12 ms, which suggests
that the accelerated rotation of the vortex between the walls precedes the inverse rotation of the
vortex behind the roof by τ=12 ms. The vortex between walls also precedes the inflow/outflow
Mode 3, again by τ=12 ms (blue curve).

Generally, the strongest correlation (R24=0.48) is amid the second and the fourth modes
(black curve), since they both represent the vortices at slightly different positions. At first, the
vortex between the walls spins up. Then, 12 ms later, the vortex core is shifted to become the
centre of a lower vortex. Since a vortex behind the roof is always accompanied by a certain
kind of sweep event, one would expect higher level of the correlation between the roof vortex
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Figure 13.8: Time-lag cross-correlations for the before-mentioned four expansion coefficients for
pitched roof case. The selected peak in correlation is accompanied by schematic example of
the transition from former mode and latter mode for positive time-lag or inversely for negative
time-lag.

(positive Mode 1) and the sweep (negative Mode 3). Surprisingly, the linkage is very weak,
resulting in correlation level of only R13=-0.1 at τ=-8 ms.

A slightly stronger connection exists (R13=0.4) between the roof vortex and the final ejection
event after τ=28 ms. It implies that the flow dynamics in the street canyon starts with the
vortex downstream from the roof and goes through all the before-mentioned stages. Finally,
it ends up by the ejection event. The maximum in the correlation for Mode No. 1 and No.
3 is markedly wide, suggesting that the before-mentioned scenario exhibits the life duration
between approximately 18 and 38 ms.

The relation between Mode 1 and relative contribution from the sweep and ejection events
(obtained in Chapter 10) is apparent from the Figure 13.9. The expansion coefficient is multi-
plied by constant to provide a better overview. The Mode 1 represents large potion of turbulent
kinetic energy contained in the sweep-ejection wavy pattern.

13.4 POD Synthesis

POD can decompose the complex flow into simpler dynamical modes, easier to understand and
interpret from physical point of view. On return, we can reconstruct the original field using
these modes. Usually, only a few the most dominant modes are used for the reconstruction in
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Figure 13.9: Relation between the sweep and ejection relative contributions and expansion
coefficient attributed to Mode 1.
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Figure 13.10: From upper left to lower right: Snapshot No. 204 (PR) reconstructed with 10,
100 and 1000 modes. Lower right: Original snapshot No. 204.
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order to reduce both the complexity of the system and the degree of freedom. Unfortunately,
it could be accompanied with involuntary loss of important information.

The example of the reconstruction is shown in Figure 13.10. The magnitude of the velocity
vectors is plotted to manifest how the product depends on the number of modes involved in the
synthesis. From the upper left, the flow field is reconstructed firstly with 10 modes, then with
100 modes and finally with 1000 Modes. The original snapshot No. 204 is on the very right.

To estimate the relative error of the reconstruction, we have calculated the relative error
as a function of number of modes involved in the calculation. In Figure 13.11 the relative
error is plotted against the number of the modes. One curve corresponds to the pitched case
(labelled with light red triangles), while the second one represents the flat case (labelled with
grey squares). These curves are the mean values averaged over 1635 snapshots. To obtain a
deviation lower than 5%, we had to use at average 400 and 600 modes in the flat and the pitched
case, respectively.

When analysing every snapshot individually, we have obtained a rather large scatter of
relative error values (red and black solid lines in Figure 13.11). Some of the snapshots need
most of the modes to reduce the deviation down to 5%.
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Figure 13.11: Relative error of POD synthesis averaged over all snapshots. Light red triangles
represent pitched case, grey squares represent flat case. Relative error of POD synthesis from
all individual snapshots is labelled as red (pitched case) and black (flat case) solid lines.

Fast rate of convergence in pitched case in Figure 13.2 seemingly implies that the recon-
struction would also involve lower number of modes. However, the rate of convergence mirrors
the amount of energy in each mode from time-average point of view. On the other hand, an
individual snapshot at a specific instant of time could be composed either from one dominant
mode (i.e. fast reconstruction) or from plenty of insignificant modes (slow reconstruction). The
flow dynamics of most of the snapshots is somewhere between these two extremes. The pitched
roofs produce more varying and disturbed flow. Supposedly, the probability of having these
chaotic snapshots with no dominant structure is higher. The average reconstruction error is
higher as well.

13.5 Fourier Analysis of POD Coefficient

Spectral density function is computed for the expansion coefficients associated with the first
four modes. The spectrum for U-component of velocity at level Z/H=1.06 is calculated to offer
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Figure 13.12: Spectra density function based on Fourier analysis of the POD coefficients (PR).

reference range for TKE. Figure 13.12 shows that there is no dramatic difference between the
modes. All of them contain major part of the turbulent kinetic energy in frequency range 5-20
Hz. This range is identical with the main energetic range obtained in spectra for U-velocity.
The only difference is that the first mode has a moderate deficiency at higher frequencies.

13.6 Wavelet Analysis of POD Coefficient

The POD coefficients as well as the velocity exhibit an interesting repetitive pattern. Wavelet
analysis is usually applied to time series of some physical property (e.g. velocity, pressure) but
the same process can be done with time-series of the expansion coefficient.

We compared the Wavelet analysis applied to time-series of expansion coefficients in order
to reveal the frequency behaviour of modes.

Starting with Mode 1, the Wavelet analysis of the first POD coefficient (labelled a1) is
plotted in the top part of Figure 13.13.

For comparison, at the bottom part of Figure 13.13 is the result of Wavelet analysis applied
to U-component of velocity at location X/H=0, Z/H=1.2 in the street canyon. Immediately
apparent is the fact that results are very similar.

We have evaluated the deviations of the wavelet scalograms of the flow itself from the
reference scalogram of the first POD coefficient. We have executed this procedure for every
position in street canyon and for both U- and W- velocity components. Then we have computed,
using Frobenius norm, the deviation of individual Wavelet scalograms from reference scalogram
of POD coefficient a1. By this approach, not only the spectral density of energy came into
question but also the temporal positions of energetically significant events were considered.
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Figure 13.13: Upper: Wavelet analysis of the first expansion coefficient. Morlet function serves
as a mother wavelet. Lower: Wavelet analysis of the velocity field at position X/H=0, Z/H=1.2,
which exhibits one of the lowest declination from reference upper scalogram (derived from
Figure 13.14).

The level of similarity is displayed in Figure 13.14 - upper left. Deviations (in percentage)
are plotted using colour coding. The smaller is the deviation, the more similar both scalo-
grams are to each other. We have found an incredibly good agreement between the analysis
of the coefficient a1 and the velocity at the positions grouped around the level Z/H=1.2 (see
Figure 13.13 - lower). The velocity scalogram shown in Figure 13.13 is actually one of the most
similar scalograms found within the inspected area.

Also, the simple correlation between the coefficient a1 and U-component of velocity at
different positions brings a conformal picture (Figure 13.14 - upper right). For the W-component
of velocity, the similarity level was very poor (not-shown). This indicates that the W-component
of the incoming wind is not as crucial as the U-component for the formation of the first POD
mode.

Area of high similarity (low deviation in Figure 13.14 - upper left) extends over the whole
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Figure 13.14: Left: The deviation between the wavelet scalogram of U-component at various
spatial positions and the scalogram of POD coefficient a1 (upper) and a2 (lower). Right: The
correlation between U-component at various spatial positions and POD coefficient a1 (upper)
and a2 (lower).

width of the street canyon above the roof top level. This similarity is not without a cause.
When we accept the presumption that dynamics of the system is reliably captured in Wavelet
scalograms, then we can conclude the following: the dynamics of the POD Mode 1 is driven by
horizontal flow within the horizontally extended area at level around Z/H=1.2.

In the right column Figure 13.14, the simple correlation coefficient between U-component
and expansion coefficient a1 is shown for the comparison purpose. The correlation is considered
to be less precise method for evaluation of similarity than the wavelet scalograms, since it
does not take into account the harmonic structure of the dynamic events. The comparison by
means of the Wavelet analysis is more complicated and more demanding on the flow to contain
organised features.

The same procedure was executed with the next POD coefficient a2 (Figure 13.14 - lower
left). For U-component, the lowest deviation increases up to 60%. The area of highest similarity
was located on the windward side, at the roof-eaves level.
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Figure 13.15: Upper: The first mode of POD applied to vorticity in the pitched case. Lower:
The first mode of POD applied to vorticity in the flat case.

13.7 POD of Vorticity

POD applied to vorticity data generates a sequence of modes ordered according to their content
of enstrophy. The vorticity was calculated from the vector field using an algorithm based on
the Stokes theorem.

From POD analysis of vorticity it is possible to recognise the areas with increased vorticity
variance. It stretches from the upstream roof-top downwards at a certain sloping angle, see
Figure 13.15. Considering only the first, most dominant mode, the sloping angle downstream
from the flat roof is only 9 deg., so the vorticity progresses almost horizontally. The sloping
angle in pitched case reaches up to 20 deg.

It may be concluded that the flow above the flat roofs is much smoother. The small vor-
tices do not penetrate into the canyon, they only descend along the downstream wall. The
recirculation between the flat top buildings is more steady, the general pattern often follows
the mean-velocity field as depicted in Figure 13.1. On the other hand, the sharp edge of the
pitched roof causes an intense vortex generation behind the roof top. The vortices propagate
downward into the canyon under various angles. They do not have sufficient energy to destroy
the steady-state vortex but they can disturb it.

The rate of the enstrophy convergence in this latter case is rather poor. The most dominant
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Figure 13.16: Demonstration of the vector field with vortices within the shear layer and corre-
sponding vorticity, swirling strength an d Q-criterion (FR).

mode contains only 1.8% and 2% of the total enstrophy in the flow for the pitched and the flat
roofs, respectively. This suggests that there is no dominant feature in terms of vorticity but
many insignificant contributors to the final vorticity field. Thus, we are unable to reconstruct
the original vorticity field with a reasonably small number of the dominant vorticity POD
modes. We also cannot calculate the curl of the velocity POD mode and equate it with the
POD mode of vorticity as was successfully made by Gurka et al. (2006).

13.8 Detection of Vortex Core

Because vorticity does not distinguish between vortex and non-rotational shear layer, it is more
suitable to use other methods for direct detection of vortex cores. We have compared three well-
known techniques, used for this purpose, all calculated from velocity gradient tensor. The first,
so-called lambda-2, although successfully used by Coceal et al. (2007) in numerical simulation
of the turbulent flow, did not result in as a transparent and consistent patterns of vortices in our
study as the others did. Two other methods, swirling strength and the second invariant Q, have
brought almost the same results (see demonstration for the flat roofs in Figure 13.16). Both
are derived from a velocity gradient tensor and have been applied often by other researchers,
e.g. Adrian et al. (2000) and Tomkins & Adrian (2003). To estimate the agreement between
swirling strength and Q-criterion, we have calculated spatial correlation at various locations
and performed a spatial averaging. The similarity is high, reaching up to 95%.

We intended to compare data from one-point measurements with spatial derivatives to
evaluate the agreement in the vortex detection. First, we have extracted simple time-series
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Vortex
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Figure 13.17: The time-series of vorticity, swirling strength, Q-criterion (labelled "-2nd inv.")
and wavelet coefficient (applied to vertical velocity) for point at X/H=0, Z/H=1, PR.

of fluctuations for U- and W-component of velocity, labelled as u′ and w′. Since they are
functions of time, we calculated the central difference of both components (labelled as CDu′

and CDw′. Further, the time-series of swirling strength (Sw.), Q-criterion (Q) and vorticity
(V ort.) were evaluated. By the above-mentioned correlation method we have calculated the
mutual correlation coefficient for each couple. In Table 13.8 below, the matrix of the coefficients
is presented.

Table 13.8 u′ w′ CDu′ CDw′ Q Sw. Vort.

u′ 1.00 -0.51 0.00 0.01 0.00 0.01 -0.02
w′ -0.51 1.00 -0.01 0.00 0.00 0.00 -0.01
CDu′ 0.00 -0.01 1.00 -0.33 0.05 0.03 0.05
CDw′ 0.01 0.00 -0.33 1.00 -0.10 -0.09 -0.24
Q 0.00 0.00 0.05 -0.10 1.00 0.95 0.33
Sw. 0.01 0.00 0.03 -0.09 0.95 1.00 0.30
Vort. -0.02 -0.01 0.05 -0.24 0.33 0.30 1.00

The significant values are emphasized by bold and red text. The high negative correlation
Ru′w′ = −0.51 between u′ and w′ is naturally a consequence of the major contribution to the
momentum flux from the sweep and the ejection events inside the very turbulent boundary
layer. The same physical phenomena causes negative correlation RCDu′CDw′ = −0.33 between
the central differences of u′ and w′. There is a markedly high agreement between Q-criterion
and swirling strength results, reaching the value 95%. Further, the correlation between vorticity
and two methods for detection of vortex core is about 30%.

An the end, we computed correlation between temporal output of Wavelet analysis and these
spatial derivatives. The time-series of the power extracted at high frequency (almost 250 Hz)
were compared with time-series of swirling strength, Q-criterion and vorticity. Surprisingly,
the correlation was very low, lower than R = 0.1. The example of such a time-series is in
Figure 13.17, derived at point X/H=0, Z/H=1, PR.

Wavelet analysis when performing with Morlet function is sensitive to harmonic oscillation
of velocity fluctuation. The middle-size vortex provides better convolution with Morlet function.
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On the other hand, the vorticity and other spatial derivatives are sensitive to small-scale sharp
shear, which is typical for small vortices. The big vortices are not well detectable by the
vorticity. For this reason, these two methods do not provide the same results in detection of
vortical structures. Consequently, they produce a low correlation.

13.9 Partial Conclusion

Applied POD analysis helped to decompose the complex turbulent flow into the simpler modes.
The individual modes were reliably assigned to the real flow events. Discussed is the character
of the first four modes. The modes with higher mode number can, however, play an important
role in the flow dynamics from time to time.

Wavelet analysis became a useful tool for investigation of dynamics of POD modes. For
the purpose of this thesis, the dynamics was supposed to be "fully" described by the Wavelet
analysis. Then we could conclude that the analysis was capable to find out which spatial region
controls the formation of the POD modes.

Also, POD was applied to vorticity as well. However, no dominant mode was found out in
the vorticity field. Every mode contributes just a little to the total enstrophy. Therefore, the
attempt to reconstruct the vorticity field with a limited number of modes failed.

Detection of vortical structure was made using spatial derivatives. Two methods, the
swirling strength and the Q-criterion showed an incredibly good agreement. Notwithstand-
ing, the correlation coefficients for other temporal derivatives or vorticity were low. Since, the
harmonic structure in the turbulent flow can be easily detected by the Wavelet analysis, the
correlation of the wavelet coefficient with spatial derivatives was also made. The correlation
reached only value 0.1, making it statistically insignificant.
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Chapter 14

Sensitivity of POD

14.1 Introduction

The POD results depend on the spatial resolution of the grid and on the temporal resolution of
the input data. Both resolutions need to be high enough to capture all the essential dynamic
events in the flow.

In the previous chapters we established the prevailing frequencies in the flow in the street
canyon to be between 1 Hz and 100 Hz, with enhanced energy particularly for value of 10 Hz.
It means that the default sample frequency of PIV - 500 Hz - is sufficiently high. Such a high
frequency was paid in return by a very short acquisition time.

In this supplemental chapter, we focused on testing a sensitivity of POD method on the
sample frequency and the acquisition time. Our findings are published in Kellnerova et al.
(2011a).

14.2 Sensitivity to Sample Frequency

The turbulent flow above the pitched roofs is used as the input data for sensitivity test. The
primary measurement is done with sample frequency of 500 Hz. When we remove every 2nd

snapshot from primary (full) dataset, we get a reduced dataset with sample frequency of 250
Hz. Since we can remove every first snapshot (odd snapshots) or every second snapshot (even
snapshots), we performed the test for both variations of the reduction.

The temporal evolution of the POD expansion coefficients for the reduced datasets is dis-
played in Figure 14.1. The first expansion coefficients (corresponding to Mode 1) from the full
dataset is labelled Mode 1 v.1. The first expansion coefficients for Mode 1 from POD applied
to reduced datasets are labelled Mode 1 v.2.1 when even values are involved in the calculation
or Mode 1 v.2.2 when odd values are involved in the calculation.

Since there is only a half of data in the reduced versions, these absent data are interpolated
by a linear interpolation. Both pictures in Figure 14.1 demonstrate the deviation of these inter-
polated coefficients from the primary ones. The deviation is actually very small, only minute
discrepancies are detectable between the primary measurement and both reduced versions.

Further reducing in the frequency is performed. When we involve every 4th, 8th and 16th

snapshot into the calculation, we get very sparse datasets with a poor temporal resolution.
These datasets will be called v.4, v.8 or v.16-set. In the left picture of Figure 14.2 we can see
the discrepancies between the expansion coefficients growing proportionally with the decrease
in the sample frequency. When we focus on the v.16-set, the majority of the information is
already lost.
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Figure 14.1: Upper: Time-evolution of the coefficients of Mode 1 and Mode 2 from the primary
measurement (v.1 - thick lines) and the reduced version (v.2.1 and v.2.2 - tiny lines). Lower:
Time-evolution of the coefficients of Mode 3 and Mode 4 from the primary measurement (v.1 -
thick lines) and the reduced version (v.2.1 and v.2.2 - tiny lines).

To express the differences quantitatively, the deviation of the interpolated curves for two
most dominant modes (Mode 1 and Mode 2) from the primary curves is depicted in Figure 14.2
- right. The deviation increases rapidly with the increasing degree of the reduction. Indeed,
the higher modes exhibit a dramatic declination from the full-data value.

Figure 14.3 - left displays the relative contributions to the total TKE for various reductions
and for the full dataset. The number of modes differs for each dataset, thus the count of the
modes (on abscissa) differs as well. Only the most dominant modes are important for the
flow dynamics, the remaining modes contain noise. The plot therefore shows only the first 30
modes to provide a detailed picture. The important information is the percentage value on the
ordinate. The TKE contribution from the first mode is almost the same for all the reductions,
except the 16th set.

In Figure 14.3 - right, the cumulative relative contributions for all reductions are depicted.
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Figure 14.3: Left: Changes in the relative contribution to the TKE (ordinate) for different
modes (abscissa) and reduced data input (colours). Right: Cumulative relative contribution for
different modes and reduced data inputs (colours).
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The rate of convergence is very distinguish for a highly reduced data, since the different reduc-
tions contain a different number of modes. Steep slope of the convergence is given by the lower
number of involved modes in the reduced dataset (e.g. the v.16-set contains only 102 modes).
The rate therefore more rapidly reaches the value of 100%. This particular picture cannot serve
as a comparison tool for the POD results. This problem could be overcome by the utilisation
of the classic POD which is, however, beyond the scope of this thesis.

Closer inspection of the graphical visualisation of the Mode 1 in Figure 14.4 verified that
the deformation of the modal shape gradually progresses with the increase in the reducing.
Especially, the shape of mode from v.16-set strikingly differs from the primary POD analysis.
The changes are almost negligible with both v.2.∗-sets. So, although the sample frequency of
the data is two-times lower, the POD analysis provides almost identical results. The expansion
coefficients do not differ much from primary coefficients as well. The energetic scheme of
the relative contributions follows almost the primary version and the spatial patterns of POD
modes keep the same shape as the primary ones. However, with a lower sampling frequency, the
coefficients start to deviate markedly. Notwithstanding, the shapes of modes are still similar.
Only the relative contribution of the energy is sensitive to a number of snapshots involved in
the calculation for sampling frequency lower than a critical values. In this particular case the
critical values is 500/16=31.25 Hz.

We can also conclude that v.16-set contains too little information about dynamics and POD
analysis yields up completely different results.

14.3 Sensitivity to Acquisition Time

Since the acquisition time of 3.2 s for each PIV measurement run is very short, we repeated
measurement for two times. The sample frequency was kept 500 Hz what gives the acquisition
time of 3.2 + 3.2 s. These runs are labelled as Prun 1, Prun 2.

Third measurement was done for statistical purpose with sample frequency of 100 Hz and
acquisition time of 16.3 s. The measurement is labelled Prun 3. By the combining all three
runs, we get total acquisition time of 22.7 s.

Afterward, the velocity data were mutually compared from statistical point of view. Using
Frobenius norm (see Chapter 5), we compared the mean velocities, the standard deviations, the
skewness, the flatness and TKE. The averaged deviation of the mean velocity from all three
runs is 2.6% for U-component and 5.5% for W-component. Analysis of stationarity shows that
the first matrix is the least stationary in W-component. Last two matrices are much more
similar to each other with 2.2% of difference for mean W-component. The standard deviation
has scatter of 11% and 6% for U- and W-component, respectively. Also difference among TKE,
calculated from two components herein, is only 3%. These results are mentioned in Chapter6.

The Prun 1 and Prun 2 are short datasets with sufficiently high sampling frequency that it
ensures continuous reading of the flow dynamics. The Prun 2 performs better in terms of stan-
dard deviation, so that it was chosen for main analytical research published in Chapters 13, 11
and 12. The Prun 3 is sampled with only 100 Hz. Prun 3 exhibits the lowest declination form
the statistics since it covers the longest time-period. Notwithstanding, the sampling frequency
of 100 Hz is too low to capture the evolution of the general dynamics.

The POD results from all three runs were analysed and mutually compared. For each run
the expansion coefficients were carried out. The overview of their standard deviations and their
maximum values in the absolute sense is depicted in Figure 14.5. Figure shows the values
for the first 50 expansion coefficients, since the both kind of statistics monotonously decrease
with mode number. Hence, the higher modes have only a minute importance in terms of flow
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Figure 14.4: From upper left to the lower right: Deformation of the shape for the most dominant
Mode 1 as a function of the sample frequency.

dynamics.
All three runs exhibit the similar behaviour. Standard deviations σ (squares) collapsed into

one curve. The maximum values (circles) slightly differ from each other in low mode number.
However, this is natural, since the strong events can happen only from time to time. The
number 1635 of snapshots does not have to cover outstanding dynamical situation with every
run.
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Figure 14.5: Maximum values and standard deviation of the expansion coefficients for three
PIV runs.

Table 14.3: Relative deviation of PIV runs [%]
Mode Number Run 1 Run 2 Run 3

Mode 1 4.2 3.6 2.3
Mode 2 10.6 13.1 9.9
Mode 3 17.0 10.6 10.8
Mode 4 23.6 16.5 14.5

We performed POD analysis on ensemble of all data we had for the pitched roof shape. The
velocity fluctuations from all three runs were collected together into one dataset. According
to Nobach et al. (2007), the observations (snapshots) have to be linearly independent. Among
others, it means that the number of snapshots has to be lower than the number of positions used
for the calculation. The number of positions can be simply increased by a higher overlapping
in post-processing of PIV raw images. The number of snapshots can be increased by repetitive
PIV measurements with the same setting. The number of positions in our case reaches 10, 000
values, whereas the total count of snapshots is 4905.

POD was applied to this collected ensemble and again, the results were compared with
individual realisations. Difference between individual runs from the ensemble using Frobenius
norm is calculated for the most dominant modes. Values are presented in Table 14.3. The
relative deviations from the ensemble are rather small considering the strictness of the Frobenius
norm. The more important mode, the smaller deviation occurs.

This can be considered as a proof either for the verification whether the acquisition time of
PIV records is at least of reasonable length or for the robustness of POD methods whether it
brings similar results for different time-pieces of flow.

The plot of the relative and cumulative contribution to the TKE is pictured in Figure 14.6.
The plots show the first thousand modes for each run and for their ensemble. In the left part
of the Figure 14.6 confirms that three runs have a somewhat different values in the relative
contribution to TKE for the most important modes. In the right part of the Figure 14.6, the
rates of convergence collapse for all the runs, regardless the length of the acquisition time. The
number of the snapshots as well as the number of the modes is the same for all three runs.
Furthermore, the ensemble and the third run exhibit the highest similarity, what suggests that
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Figure 14.6: Changes in relative contribution to the TKE (ordinate) for different modes (ab-
scissa) and PIV runs (colour). Right: Changes in relative contribution to the TKE (ordinate)
for different modes (abscissa) and PIV runs (colour).

the third run is the best representation of the flow dynamics in the street canyon in terms of
statistics.

14.4 Interpolation of POD

Interpolation of POD is procedure based on a simple assumption: coherent structures can be
considered as temporally continuous as pointed out Bouhoubeiy & Drualult (2009). Ordinary
velocity data cannot be freely interpolated, since the dynamics of the structures would not be
captured properly inside a new data. However, when considering the temporal evolution of the
structure as a smooth process, the time-interpolation of POD expansion coefficient can represent
the missing dynamics reliably. Bouhoubeiy & Drualult (2009) in their paper verified that POD
interpolation is correct from mathematical point of view. Notwithstanding, its physical meaning
has to be tested.

For the verification purpose, we used afore-mentioned half-dataset 2-set (with every second
snapshots taken into the account). Its expansion coefficients have two-times lower temporal
resolution and the number of modes is two-time lower (i.e. 1634/2=817).

Then, by a linear and a spline interpolation, we added the missing data into the gappy
temporal series of the expansion coefficients. Next step was to perform a reconstruction using
all (including the interpolated ones) expansion coefficients. The reconstruction follows the
formula below, where K is the number of modes at disposal.

u(x, t) = u+ΣKi=1ai(t)θi(x)
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Figure 14.7: Upper: Original snapshot No. 204. Magnitude of velocity is plotted in colour.
Lower: Reconstruction based on the temporal interpolation of the expansion coefficients. On
the left: linear interpolation. On the right: Spline interpolation.

The reconstruction can be done in this case with only K = 817 modes what brings a certain
inaccuracy into the computation. We picked one snapshots No. 204 to be interpolated. Every
snapshot has different level of a dynamical complexity, therefore the reconstruction of each
snapshot reaches different level of the accuracy. Former attempt with reconstruction of the
flow field by the POD method (see Chapter 13) showed that snapshot No. 204 is moderately
complex in terms of dynamics and it provides a good representation of flow at the instant of
time.

Comparison of the original snapshot No. 204 (frequency 500 Hz) and the interpolated
reconstruction (with frequency re-doubled from 250 Hz to 500 Hz) was done using Frobenius
norm. The final reconstructions of the interpolated snapshot are depicted in Figure 14.7. In
the upper part of the picture, the original snapshot from the full dataset is displayed. Lower
part of the picture shows reconstruction of the snapshot No. 204 by the linear interpolation
(on the left) and by the spline interpolation (on the right).

The deviation between the linear interpolation and the original snapshot is 11%. The
deviation between the spline interpolation and the original snapshot is very similar with a value
of 12%. This implies that the method of the interpolation does not essentially influence the
accuracy of the reconstruction. Since the Frobenius norm is rather strict, deviation of 11%
suggests that the method of the interpolation based on POD can bring quite a reliable results.
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14.5 Partial Conclusion

The detailed inspection of POD analysis was done. The test of the sensitivity of POD is
performed. The sample frequencies of input data are artificially reduced. Then, obtained POD
results are compared with the ones from the full dataset. Surprisingly, even when every 8th

snapshot is involved, POD produces almost the identical shape of the modes and these modes
contribute to the energy in the system by approximately same values. The large deviation in
the spatial shape occurs only when 16th set is used, since the essential information of the flow
dynamics is lost.

The backward interpolation based on POD was tested. Synthesis showed that interpolated
data differ from the original one by 11-12%. The interpolation was executed for one snapshot
only, however this finding is promising indication in the discussion of the legitimacy of the POD
interpolation for future usage in atmospheric and industrial research.
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Chapter 15

Final Conclusions

In this thesis, the turbulent flow inside the idealised street canyon was thoroughly investigated
by number of analytical tools. The aim was to comprehend knowledge about the flow dynamics
and estimate an impact of the transient flow phenomena on the ventilation inside the street.

Model of street canyons arranged into an array represented a typical inner-city area. Two
geometries of the canyons were used for comparison purposes: buildings with pitched roofs
and with flat roofs. The main attention was focused on the non-stationary processes at the
rooftop level which strongly affect the quasi-steady recirculation in the cavity. The intermittent
character of the flow was considered as a consequence of the coherent motions in the flow.
Therefore we focused on the detection of the coherent structures.

The experimental velocity data were obtained in the two facilities. The first phase of the
measurement campaign was conducted in the wind-tunnel, where the scale of the model with
respect to the tunnel satisfied the requirements for a proper simulation of the atmospheric
boundary layer. The series of one-point measurements were performed by means of 2D-LDA
with the sampling frequency 300-600 Hz.

The quality of the internal boundary layers generated by the models was inspected. Gener-
ally, the boundary layers fulfilled the criteria posed by the guidelines. The standard parameters
of the turbulence, the longitudinal turbulence intensity and spectra were consistent with the
prescription. The vertical turbulence intensity and spectra revealed an excess of energy in the
vertical direction. This issue, however, is addressed in many wind-tunnel studies since the
simulation of the proper longitudinal intensity is often accompanied by the production of an
undesired vertical turbulence (e.g. in Bezpalcova, 2006).

The experiment confirmed that the flows above the flat and triangular roofs differ signif-
icantly; each belongs to a different category of the turbulent flow. It was revealed that the
morphological λ-parameters fail to parameterised the turbulent flow above a street canyon
reliably.

The flat roofs produce a less turbulent flow from the category "rough". The vertical inter-
mittent propagation of the fresh air into the canyon is conveniently localised on the windward
side so that it helps to speed up a recirculation zone and to blow away the pollution. The
recirculation vortex is therefore more stable. The pollution trapped into the vortex is system-
atically transported from the street canyon upward. The stable recirculation zone responds to
intermittent changes of the approach flow by a decent acceleration and deceleration.

Flow in the roughness sublayer is less disturbed as the flat geometry does not provide
effective obstacles into the wind flow-path. However, the wind still feels canyons beneath.

The triangular roofs on the other hand provide a large vertical variation from the geometrical
point of view. As a consequence, the series of pitched roof canyons are analogous to a "very
rough surface". The larger opening of the pitched roofs allows the wind to penetrate deeply
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into the cavity. If the approach wind enters the canyon on the windward side, it speeds up
the quasi-stable recirculating vortex and blows away the pollutants from the street bottom.
Since the centre of the recirculation zone is shifted upward, an incoming gust occasionally
hits the core of the vortex instead. This subsequently interrupts the ventilation and causes a
strong accumulation of the emission near the ground. Compared to the flat roofs results, the
afore-mentioned scenario occurs frequently in the pitched roof canyon.

These findings altogether indicate that in the street canyon with pitched roofs, the very low
concentrations of the pollutants are repeatedly replaced by very high concentrations and vice
versa. Such supports the concept of dynamics called a canyon breathing (Scaperdas, 2000).

The characteristic scales of the flow structures estimated from the Fourier analysis are
comparable to the building scale. This is consistent with Coceal’s hypothesis (Coceal et al.,
2007). With no information about advective velocity, the scales of the typical features at Z/H=1
were evaluated as 1.9H and 1.6H for the pitched roof and the flat roof, respectively. Considering
the fact, that the advective velocity of the coherent features is systematically lower than the
local mean speed, the real scales are expected to be a somewhat smaller.

Since the shear layer generated by the roofs has dimension of one order in magnitude lower,
these features have to be attributed to the structures advected in the approach flow.

Wavelet analysis indicates that high elevations (Z/H>1.5) contain large-scale long-term
structures with considerable amount of TKE organised in a harmonic fashion. The roof-top
level exhibits many small-scale short-term features with low degree of the organised TKE. Such
a distribution of organised turbulent kinetic energy supports the attached eddies hypothesis.

For the practical reason, the second phase of the measurement campaign was performed in
the wind channel. The model size was kept the same. The quality of the internal boundary layer
was investigated using data obtained by single-wire HWA. The main velocity measurements were
performed in the vertical plane by means of PIV at the repetition rate 500 Hz.

Despite the problem concerned the acceleration of the new internal boundary layer due to
a blockage effect of the street canyon model, after a careful verification, the wind-channel data
were considered as representative for a simulation of the atmospheric boundary layer when
restricted to the dimensionless height of Z/H=1.5.

The Quadrant analysis confirmed that both the sweep and the ejection represent definitively
the most important fractions of the momentum flux in the boundary layer (Chapter 10). This
particular statement is valid for temporally as well as spatially averaged data. When considering
relative contribution to the total momentum flux inside the street from spatial point of view,
both the sweep and the ejection contribute by 80-90%. The sweep and ejection also contain a
majority of TKE in the street canyon flow - up to 80-90%.

The Wavelet analysis was applied to data using two popular alternative types of mother
functions (Chapter 11). The Morlet function was chosen as more suitable for identification
of compact wave-like patterns. The Mexican hat function was used for detailed inspection of
vortical structures and for detection of significant sweep and ejection events. The spots found
in the local power spectrum have been checked against the PIV recordings in order to determine
their physical interpretations.

The Wavelet analysis reveals two types of the quadrant events. The first ones occur within
the approach flow whose character reflects all the upstream canyons in an integral way. They
have an appearance of a wave (Figure 11.4). In scalograms, these "waves" are represented by the
horizontally elongated patterns (Figure 11.1). Their frequency range is 4-16 Hz with the energy
peak at 10 Hz. Quadrant analysis and PIV recordings showed that the waves correspond to the
multiple sweep-ejection events passing in a quasi-periodic wave-like fashion. These events carry
the major portion of the TKE. Based on the intermittency factor of the particular quadrants,
characteristic size of the sweep and ejection is 1.25H and 1.40H, respectively. This is in good
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agreement with the typical scale at the roof level measured in the wind tunnel.
Occasionally, the isolated intensive sweep and ejection events occur in the flow. Their

frequency is within the range 4-16 Hz as well. The isolated events can be a product of an
intensification of the sweep-ejection pattern or they can result from convergence or divergence
in the 3-dimensional flow. Based on the findings in Chapter 10, we modified the input data for
the Wavelet analysis in order to identify these strong isolated events in the turbulent flow. We
found out that the best results are obtained when modulus of wavelet coefficient of Mexican
hat function is utilised. By doing this, we obtain the intensity of the events, their characters
and times of appearances (Figure 12.7).

The second type of the events are short-time sweep and ejections associated with vortices
and accompanied broken structure generated by the upstream roof. These "vortices" occur with
frequency range 32-128 Hz for the pitched roof case and 32-256 Hz in the flat roof case. In the
scalogram based on the Mexican hat function, they have an appearance of vertically stretched
stripes (Figure 11.5). Further, the modulus of Mexican hat function wavelet coefficient can
inform us about the sense of the rotation of the vortex.

The appearance of the quadrant events differs for different shapes of the roof. In the flat
case, the small vortical structures occur almost exclusively within the narrow shear layer at
roof-top level. The shear layer is generated on the flat roof surface of the upstream building.
The scale of vortices ranges from 10 to 30 mm (0.2H-0.6H) (Figure 10.8). Based on the PIV
recording and Quadrant analysis, the chain of vortices kind of separate the approach flow from
the cavity flow.

In the pitched roof canyon, the vortices exhibit a somewhat larger scale (Figure 10.9). Based
on Fourier analysis and mean wind speed, the size of the structures generated by the vertex of
the triangular roof is approximately 25-30 mm (0.5H-0.6H). Again, real scale is expected to be
a little bit smaller. The Wavelet analysis as well as manual measurements confirmed that the
characteristic size of the vortex is 24 mm (0.5H). On contrary to the flat case, these vortices are
not permanently present in the canyon. Also, they do not prevent the sweeps and ejection from
entering the cavity. They rather mediate the "communication" between the approach flow and
the inner canyon.

For the dynamics inside the canyon we can conclude that the pitched roofs induce more
violent, disturbed flow with larger vortices penetrating into the street. The basic flow pattern
in the canyon, i.e. the time-averaged vortex, is therefore frequently distorted. Assumably, these
phenomena temporally intensify the ventilating process in the upper part of the canyon but
weaken the ventilation at the bottom.

Applied POD analysis helped to decompose the complex turbulent flow into the simpler
modes (Figure 13.3). The individual modes were reliably assigned to the real flow events.
Discussed is the character of the first four modes. The reconstruction of the flow revealed that
400 and 600 modes in the flat and the pitched case, respectively in necessary to involve into
calculation in order to obtain a deviation lower than 5%. Hence, it is worthy to emphasise, that
even the less important modes can occasionally play an important role in the turbulent flow
dynamics.

The three most dominant modes were basically similar for both roof geometries. On the
other hand, the expansion coefficients, which correspond to the magnitude of velocity fluctua-
tions, exhibited a large systematic distinction for the pitched and flat roofs. It was demonstrated
that the pitched roof induce a more variable flow whereas the flat roofs generate a relatively
smoother flow without large magnitude of the fluctuations. The connection between the most
dominant Mode 1 and sweep-ejection wave-like pattern was confirmed.

Wavelet analysis became a useful tool for investigation of dynamics of POD modes. For
the purpose of this thesis, the dynamics was supposed to be "fully" described by the Wavelet
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analysis. With such an assumption, we can conclude that the analysis was capable to find
out which spatial region is related (and perhaps controls) the formation of the POD modes
(Figure 13.14).

Also, POD was applied to vorticity as well. The first mode pictured the shear layer generated
on the pitched and flat roofs. The incident angle for the trajectory of the vortices was estimated
to be very small for the flat roof. The distinctive shapes of both shear layer support previous
results concerning the impact of the shear layer on the flow (Figure 13.15).

No dominant mode was found out in the vorticity field. Every mode contributes just a little
to the total enstrophy. Therefore, the attempt to reconstruct the vorticity field with a limited
number of modes failed.

The detection of vortical structure was made using the spatial derivatives. Two methods,
the swirling strength and the Q-criterion showed an incredibly good agreement (95%). Notwith-
standing, the correlation coefficients for other temporal derivatives or vorticity were low.

Since, the harmonic structure in the turbulent flow can be easily detected by the Wavelet
analysis, the correlation of wavelet coefficient with spatial derivatives was also made. The
correlation reached only value 0.1, making it statistically insignificant. This implies that there
is no highly reliable way how to identify a true vortical motion from the single-point time-series.
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Appendix A

General Overview of Spectral Models

General form of the formula is
fSii(f)

u2∗
=

Ain

(1 +Binβ)γ
(A.1)

where n = f · z/U(z)=reduced frequency
i=u,v,w.

Almost all models meet the criterion of Kolmogorov law in the inertial subrange

fSii(f � 1)

u2∗
= AiB

γ
i n

−2/3 (A.2)

so βγ = 5/3.

Richards et al. (2000) mentioned that two of the most common representation of equa-
tion A.1 is blunt and pointed models. The blunt model, recommended for u and v spectra
by Kaimal & Finnigan (1994) and Simiu & Scanlan (1986), has parameters β = 1 and γ = 5/3.
This spectral definition is suitable for slightly perturbed terrain and unstable condition:

fSii(f)

u2∗
=

Ain

(1 +Bin)5/3
. (A.3)

The pointed model, with β = 5/3 and γ = 1, is recommended by Kaimal & Finnigan (1994)
and Simiu & Scanlan (1986) for w spectrum. It might be used for data from flat and smooth
surface and all stable data.

fSii(f)

u2∗
=

Ain

1 +Bin5/3
(A.4)

The last variant that is applied to data is von Karman type of spectra where β = 2 and
γ = 5/6,

fSii(f)

u2∗
=

Ain

(1 +Bin2)5/6
(A.5)

This form is recommended by ESDU (1985) for the streamwise spectrum. However with this
spectral equation the scale z used herein is actually the longitudinal integral length scale Lux.
In addition, ESDU (1985) recommends to add another term with different values for Ai and
Bi. Even more complex forms that do not copy the pattern of equation A.1 are given by ESDU
(1985) for the v and w spectra.
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High Frequency Range - Inertial Subrange

Inertial subrange is a high frequency range that separates the energy producing range and
dissipation range and follows the Kolmogorov’s law. When multiplying the spectral density by
reduced frequency, we obtain formula (Richards et al., 2000):

nSii(n)

u2∗
= Cin

−2/3 (A.6)

where n = f · z/U(z)=reduced frequency
u∗=friction velocity [m.s−1]
f=frequency [Hz]
U(z)=mean velocity at height z [m.s−1]
Cu ≈ 0.27
Cv, Cw ≈ 0.36

The Kolmogorov’s law was extensively tested over a various terrain types. It was shown
that extension of frequency interval described by fS(f) ≈ n−2/3 slope depends on the surface
roughness. The frequency interval becomes larger with increase in roughness of the terrain.

Low-Frequency Range - Energy-Containing Range

Low frequency sub-range is more difficult to fit since it varies with the atmospheric stability (see
Kaimal & Finnigan, 1994). When frequency reaches very low values, the spectral curve con-
verges to asymptote with the value Ai. This is caused by a aliasing effect resulting from the
one-dimensional approach for a fully three-dimensional spectrum. The wave can travel in an
arbitrary direction and its wave vector

−→
k does not have to be parallel with the spectrum main

dimension k1 in which the measurement is taken.
One dimensional spectrum is supposed to consider only the wave with

−→
k =

−→
k1. When

−→
k

has also non-zero components in other directions k2, k3, the spectrum is not able to distinguish
what energy contribution comes from the first direction and what energy comes from the others.
Example of such a situation is in Figure A.1. One dimensional spectra sees only the projection
of

−→
k into k1. Therefore all waves with |k| > k1 can project themselves as a precise k1 and

therefore contribute unwillingly to the one-dimension spectra. The larger is the deviation from
the first direction, the higher wave number |k| can contribute. As a consequence, when the waves
travel perpendicularly to the dimension of measurement (k1=0), the spectrum still obtains some
misleading energy contribution. Therefore, despite the k or f are zeros, the spectrum exhibits
a constant value Ai of energy.

Since Ai is a constant, the reduced frequency plots at low frequency range are supposed
to be independent on the height. The slope from the Kaimal and Simiu & Scanlan spectra
formulas for neutral stratification for n→ 0 when normalised by square of the friction velocity
u2∗ turns out to be:

Kaimal Au=102 Av=17 Aw=2.1
Simiu & Scanlan Au=200 Av=15 Aw=3.36

The non-reduced frequency plot then becomes function of z/U(z), since we introduced
n = f · z/U(z). Karman type of low frequency range model, designed for the low altitude
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Figure A.1: Adapted from Tennekes & Lumley (1972)

in ESDU (1985), substitutes the expression for the height z by the integral length scale Lux.
To conclude, there is no clear model for the low frequency end of spectra.

Applied Formulas for Power Spectral Density

In this thesis, we use predominantly three types of spectral functions. Up to now, the formulas
for fSii(f) were published with normalisation by square of the friction velocity u2∗. However, the
standard deviation σi can be determined more reliably and with less amount of data. For the
practical application it is beneficial to use a conversion from u∗ to standard deviation suggested
by Panofsky & Townsend (1964): σu = 2.5 · u∗, σv = 1.875 · u∗ and σw = 1.25 · u∗.

Von Karman The general shapes of spectral density used in ESDU (1985) fits better on the
low frequency range

fSuu(f)

σ2u
=

4η

(1 + 70.8η2)5/6
(A.7)

The inertial subrange then follows

fSuu(f)

σ2u
= 0.115η−2/3 (A.8)

where η = f ·Lix

U
Lix=integral length scale for i-component
i = u.
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For the other components v and w, the formula is modified and becomes more complex

ηiSii(ηi)

σ2i
=

4ηi(1 + 755.2η2i )

[1 + 283.2η2i ]
11/6

(A.9)

where ηi =
f ·Lix

U
i=v or w.

Kaimal When working with the neutral boundary layer, commonly used formulas for all three
components are in engineering application (Kaimal & Finnigan, 1994):

fSuu(f)

σ2
=

16.8n

(1 + 33n)5/3
(A.10)

fSvv(f)

σ2
=

4.836n

(1 + 9.5n)5/3
(A.11)

fSww(f)

σ2
=

1.344n

(1 + 5.3n)5/3
. (A.12)

(A.13)

The inertial subrange results from general prescription

fSii(f)

σ2
= φ2/3ε Cin

−2/3 (A.14)

where n = f · z/U(z)=reduced frequency
φε =

kzε
u3
∗

=reduced dissipation
k=0.4
Cuφ

2/3
ε =0.048

Cvφ
2/3
ε , Cwφ

2/3
ε =0.064.

The dependence on the stratification is hidden inside the reduced dissipation term.

Simiu & Scanlan Can be applied to both ends of spectra, the low frequency and the high
frequency range (Riera & Davenport, 1998).

nSuu(n)

σ2
=

32n

(1 + 50n)5/3
(A.15)

nSww(n)

σ2
=

2.1504n

(1 + 10n5/3)
(A.16)

(A.17)

where n = f · z/U(z)=reduced frequency.

In Figure A.2 are compared the above-mentioned spectral density functions. One spectrum
from wind-tunnel measurement is on the background to estimate the best fit to measured data.
None of the spectrum fits perfectly to the observed data, however the Karman spectrum deviates
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Figure A.2: Spectral density functions compared with wind-tunnel measurement. Left: Spectra
for U-component. Right: Spectra for W-component.

the most for both velocity components. It was found out that Karman spectrum fits better at
very low altitudes. The best fit for U-spectra is provided by Simiu & Scanlan, however this
completely fails for the vertical spectrum. Kaimal spectrum slightly underestimates the energy
in both the longitudinal and vertical directions but represents the best approach in average
sense. The vertical spectra are shifted towards the higher frequencies, since the large slow
motions are restricted in vertical direction by size of the tunnel cross-section.

The declination of the data from the theoretical Kaimal curve at the high frequency end is
caused by improper modelling of the vertical eddies by spires and roughness elements. In order
to reach a correct integral length scale in the longitudinal direction, we inevitably generated
bigger vertical structures than proper. More details can be found in Chapter 7.
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Appendix B

Solid State Laser

Lasing Material

The solid state laser consists of a host material and active ions with special energy states. The
laser host material has to be doped by active ions, in our case neodymium Nd3+. Frequently
used combinations are Yttrium Aluminum Garnet (Nd:YAG) and Yttrium Lithium Fluoride
(Nd:YLF).

The YLF host has poorer thermo-mechanical properties than YAG. On the other hand, its
fluorescence time is twice as long as in Nd:YAG what provides for twice the energy storage.
And diode pump enables to the laser to produce high repetition rate of several kHz.

Pump Source

The initial source of energy for the laser - the pump - might be a very bright flash-lamp or a
semiconductor laser (called diode laser or diode pump as well). Both lasing tube and pump
source are mounted inside the pump cavity of cylindrical shape. Outside of the pump cavity
are mirror resonators.

The diode lasers compared to flash-lamps have a longer operating life and require less
electrical power. The diode pump also allows action of the laser with reduced heating in the
laser crystal what improves beam quality compared to lamp-pumped lasers with the same
output.

Lasing Operation

Typical flow energy over one pass inside the pump cavity can be described by a scheme:
Electrical input ⇒ Pump radiation within the absorption band of medium ⇒ Pump radia-

tion transfer through cavity ⇒ Absorption of the pump radiation inside the lasing matter and
transfer to the upper state ⇒ Conversion into a laser output.

Each step represents some losses. The power density of the beam is increased with every
passage through the lasing medium. With adding the mirrors on the ends, every double pass
the beam losses via back mirror (i.e. laser output) (Figure B.1).

As every passage means a certain gain the power from the double pass increases up to the
point where saturated gain equals to the losses, eventually. This moment is called threshold -
despite the laser is lasing, intensity of the wave rises up every run-cycle and the gain balanced
the losses. Now, a stable operating point is reached, the laser is lasing in the continuous mode
with output slightly oscillating around the steady state value.
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Figure B.1: Schematic of circulating power during the passage in the lasing medium and loss
at the output. Source: Koechner & Bass (2003).

Q-switch

Afore-mentioned Nd-doped lasers operate in both pulsed and continuous mode. Also the pump-
ing can be pulsed or continuous. Pulsed laser action with continuous pumping typically operates
with help of Q-switch. Quality factor Q is defined as a ratio of the stored energy in the cavity
per cycle to the energy loss per cycle. So the higher the Q factor, the lower are energy losses
inside the cavity.

Energy is stored in the amplifying medium of the laser oscillator while being optically
pumped together with lowered Q. The low Q prevents onset of lasing by using a lossy optical
element in the cavity. Since each wave light generated by the spontaneous emission is lost by
enhanced losses, the population inversion reaches level far above the normal situation. The
technique only works for a laser medium capable of storing energy for a time much longer than
the Q-switched pulse duration. The time for which the energy could be stored is in order of
lifetime on the upper laser level before the spontaneous emission could occur.

Once the Q factor rises up, the massive stimulated emission takes place and excitation is
discharged in extremely short time. Typically it lasts from a few nanoseconds to a few hundred
nanoseconds. The peak power of such a giant pulse exceeds the one from the ordinary long
pulse by several orders of magnitude.

In the Figure B.2 the typical Q-switching process is described. Lamp current pumps the
light into the cavity, but the cavity has too high losses to start lasing. Inversion population
reaches maximum and while the moment the Q is restored, the intensive photon flux builds up
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Figure B.2: Q-switch time development. The flashlamp (diode) excitation, resonator loss ac-
companied by built-up of the population inversion and sudden photon flux as a function of time.
Source: Koechner & Bass (2003).

in the cavity and Q-switch pulse is emitted with a certain delay, eventually.
In the laboratories, extensively employed laser systems are continuous wave (CW) pumped

Nd: YAG and Nd: YLF lasers. In these CW pumped systems, the population inversion un-
dergoes a cyclic variation. During the reduced Q, the inverted population monotonously grows
until attains the peak value. Once Q is amplified, inverted population suddenly falls down and
laser producing a powerful pulse.

Q-switch Construction

Nowadays, Q-switch are predominantly electro-optical or acoustic-optical devices.
The typical electro-optical device works as an optical shutter waiting for the maximum

population inversion of the ions. Simply stated, very fast shutter is based on the alternation of
the optical properties (for example birefringence) corresponding to the electric current.

The element with electrically induced birefringence is called Pockel’s-cell. In Figure B.3,
one of the most common arrangements of Q-switch with Pockel’s cell is depicted. Set-up shows
the element located between the polarizer and the back mirror. After the flash-lamp pulse, the
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Figure B.3: Electro-optic Q-switch operating with quarter wave retardation. Source: Eksmaop-
tics.

Figure B.4: Second harmonic generator. Source: Wikipedia (a).

voltage turns the elements into quarter-wave crystal and linearly polarized beam emitted from
the laser rod becomes circular. The beam is reflected back by mirror and the second transition
through the Pockel’s cell with another λ/4 retardation brings back the linear polarization to the
returning beam, only with 90Âř of declination from the original one. Polarizer naturally rejects
this beam what prevents an optical feedback into the cavity. At the end of the pump lasing,
the voltage is switched off and beam can transit through all elements neither with change of
polarization nor with significant losses.

It is worthy to note that with the use of naturally birefringent lasing medium as YLF, the
polarizer between Pockel’s cell and laser rod is no needful in both arrangements.

For complementarity, the one more solid-state laser component is listed:

Second harmonic generator (SHG) SHG releases a light wave with double-wavelength
as the wavelength of the incident light. It is called also a second harmonic oscillator, doubler
housing or frequency doubler. The function is clear from the Figure B.4. Since the entering
pump wave must have a certain polarization, the polarization filter or polarization rotator is
placed in front of it.
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