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ABSTRACT

This study sets out to further investigate the nature of coherent structures in turbulent
boundary layers, especially over rough surfaces. A comprehensive review of the existing
knowledge of the turbulence generation mechanics including the bursting phenomenon was
carried out. The bursting phenomenon involves the lifting and violent ejection of low-
speed fluid from the near wall region. This process has been shown to produce the
majority of the turbulence kinetic energy present in the flow, and also to dominate mass,

momentum and vorticity transport across the shear layer.

An experimental investigation was undertaken to evaluate the effect of roughness on the
spanwise distribution and scaling of bursting events in boundary layer turbulence. The
experiments were carried out in an open channel, where a combination of four flow rates
(Reynolds number range of 5000-11000) and five bed conditions, one smooth and four
rough (ranging from transitional to fully rough), were used. The experimental method
involved the quantitative analysis of instantaneous spanwise velocity distributions obtained
using the hydrogen bubble flow visualisation technique. Spatial spectral analysis and
visual counting techniques were used to investigate the spatial distribution of bursting

events as a function of wall distance and wall roughness.

The results demonstrate that, just as in the smooth wall case, the spanwise flow structure
adjacent to a rough boundary exhibits a well defined cross-flow wavelength. The
measurements indicate that this wavelength, which reflects the spanwise scale of vortical
structures driving the bursting process, is directly proportional to the roughness length
scale, under fully rough conditions. The spanwise wavelength was also observed to
increase in scale with increasing wall distance. These results are discussed in comparison
with the smooth wall case, and an eddy viscosity scaling parameter is considered with a
view to providing a more effective basis for the numerical modelling of rough boundary
flow, and assisting in the development of closure models, linking the mean velocity field

and the Reynolds stress shear field based on coherent structure concepts.
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

1.1 INTRODUCTION

Boundary layer flows in most situations of engineering interest in both natural and
man-made environments are turbulent. For low Reynolds number flows the
boundary layer remains laminar; with fluid particle velocity vectors defining
smooth streamline patterns amenable to mathematical analysis. However for most
practical flows the Reynolds number is generally high, and greater than the critical

Reynolds number defining instability and breakdown to a turbulent chaotic state.

Turbulence is therefore a naturally occurring phenomenon which changes the
structure and the properties of the boundary layer governing the flow behaviour
and the performance of fluid handling systems. As a result the study of turbulent
boundary layers is necessarily of great interest and relevance in a number of
engineering fields. In civil engineering, more specifically, the understanding of
boundary layer turbulence is important in relation to a wide range of applications

in pipe and channel flows and sediment transport.

Grass, Stuart and Mansour-Tehrani (1991) have drawn attention to how different
the world would be if there was no such thing as a critical Reynolds number - so
that water and air flows over the surface of the globe remained in a laminar rather
than their normal turbulent state. A typical river, with a depth of 5 metres and a
current velocity of 1 mph, without the presence of man-made controls, would be
transformed into a shallow, swiftly moving sheet flow, of about 0.4 metres deep
and with a surface velocity of 17 mph. To restore the turbulent depth and low
mean velocity, the fluid viscosity in a corresponding laminar flow would need to
be increased about 2000 times. Under laminar flow conditions indeed, a river as

large as the Amazon would assume quite spectacular surface velocities of several
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hundred miles per hour.

This gives rise to the paradoxical fact that turbulence actually serves to promote
tranquillity in our physical surroundings, by greatly slowing down current
velocities in rivers and streams through the action of very large effective eddy
viscosities. As the bed shear stress in uniform, free surface water flow is
proportional to the depth, high-speed laminar rivers would also exert far smaller
forces on the boundary than their turbulent counterparts. As a result, sediment
transport would in turn be drastically reduced, particularly in the absence of a
suspension transport mode which only occurs due to boundary-layer turbulence.
Thus, the absence of turbulence would lead to radical alterations in both the
geomorphology and the topographical character of the eroded landscape as we

know it.

Such a realisation, together with today’s ever increasing awareness of man’s
destructive impact on the environment, highlights the importance of turbulence and
its role as a major transporting and diffusing agent for pollutants, heat, and other
passive and non-passive contaminants. Further knowledge of turbulent boundary
layenis needed, for example, in order to better predict the behaviour of surface
water and atmospheric flow systems. Information of this kind is therefore crucial
for the assessment of environmental effects, as well as being an important
requirement of traditional engineering design.  Clearly, the development of
effective models for large scale geophysical boundary layers demands substantial

improvements in our understanding and knowledge of the mechanics of turbulence.

Practical solutions have been limited to the consideration of time-averages of
turbulent motion and experimentally obtained approximations to specific problems.
This is due to the complex nature of the structure of turbulent boundary layers.
A better understanding of the basic physics of turbulence generation and the
structure of turbulent boundary layers will facilitate the development of new
analytical techniques, together with the improvement of predictive models and

numerical simulations. Over the years researchers from different engineering
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fields have undertaken studies in order to explore the structure of turbulent
boundary layers. These works have been limited in general to the consideration
of flow over smooth beds, although it is apparent from the nature of civil
engineering problems that the flow boundaries involved are mostly rough. In
previous studies carried out at UCL by Grass (1967) and Stuart (1984), the effect
of rough boundaries on the structure of turbulence has, however, been considered.
It has been established that the general form of coherent flow structures observed

in flows over smooth beds is also reproduced in flows over rough beds.

A summary of the background knowledge and a brief history of previous
investigations relating to the structure of turbulent boundary layers is given later
in this chapter. This review outlines the existing knowledge of turbulence
generation mechanics including the bursting phenomenon. The bursting
phenomenon involves the lifting and violent ejection of low-speed streaks (which
are elongated regions of low-speed fluid) from the near wall region out into the
outer flow. This process, which is a common feature of turbulent boundary layers
irrespective of wall roughness condition, has been shown to produce the majority
of the turbulence kinetic energy present in the flow, and also to dominate mass,
momentum and vorticity transport across the shear layer. Chapter 2 provides a
description and classification of coherent structures for turbulent boundary layer
flows over a flat surface, while chapter 3 presents the basic theory of boundary

layer turbulence relevant to this study.

An experimental approach was adopted in this study. The hydrogen bubble
visualisation technique was used to identify the low-speed streaks, enabling the
measurement of instantaneous spanwise velocity distributions. The experimental
apparatus, measurements of the general flow parameters and velocity profiles are
presented in chapters 4 and 5, with the flow visualisations and methods used for
their analysis discussed in chapter 6. The results and implications of the entire
investigation are presented and discussed in chapter 7, followed by a summary of

the final conclusions drawn from the experimental findings in chapter 8.
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1.2 THESIS OBJECTIVE

For the last two decades extensive study of turbulent boundary layers over rough
walls has been undertaken at UCL and some major contributions have been made
to the body of knowledge. The ejection and inrush events over rough walls were
identified by Grass (1967), while direct and unique experimental evidence of the
three-dimensional form of the associated turbulence structures was subsequently
obtained, described and discussed by Stuart (1984), and by Grass, Stuart and
Mansour-Tehrani (1991). The present study is concerned with measuring the
actual spanwise scale of the near wall structures for boundary conditions ranging
from hydrodynamically smooth to fully rough. It also addresses the intriguing
question of whether or not the equivalent of viscous sublayer streaks exist over
rough walls. Apart from its direct relevance to the important hierarchy model for
turbulence structure proposed by Perry & Chong (1982) and discussed below, such
information yields valuable insight into the complex mechanics of wall layer flows

in general.

In this investigation a more detailed consideration of the influence of roughness
on the near wall turbulence structure is undertaken. The proposed approach is to
consider the effect of roughness on the formation and the spacing of the transverse
streaky structure observed in the viscous region adjacent to the smooth walls. The
presence of these alternating elongated zones of high and low velocities with
relatively uniform spacing has been a significant factor supporting belief in the
existence of an ordered structure within turbulent boundary layers. The low speed
streaks have been observed to act as the apparent regions for the production of
turbulent kinetic energy via a process of ‘bursting’. It is by this process that the
low momentum fluid and vorticity are lifted and ejected into the outer flow. Even
for the case of smooth boundaries, after more than three decades of detailed study,
the physical mechanics of the bursting process, and also the exact nature of the
link between the flow structure at the wall and the larger outer flow structure

“remain obscure.
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A central objective of all these basic studies is to provide an improved
understanding of the fundamental physics of boundary layer turbulence. Such
knowledge is an essential pre-requisite for the development of improved turbulence

models.

1.3 LITERATURE SURVEY

The study of turbulence and boundary layers has been carried out extensively in
number of engineering fields, and consequently a comprehensive discussion of the
knowledge in this field is a major task and outside the scope of this thesis. In this
section only a brief discussion of the developments in the study of turbulent
boundary layers, concentrating solely on the importance of the near wall structure

is given.

From the investigation of turbulent motion it is apparent that the velocity at a
fixed point does not remain constant with time, but performs very irregular
fluctuations of high frequency. This was first observed by Reynolds (1885) in his
classical experiments on the transition from laminar to turbulent flow in pipes. He
subsequently introduced the concept of splitting thc turbulent flow velocity into
mean and fluctuating components. More importantly still, by substituting these
components into the Navier-Stokes equations of motion and taking time-averages,
he was able to introduce the fundamental concept of apparent or virtual turbulent
stresses. These stresses, now known as Reynolds stresses, represent the additional
momentum transport generated by correlated velocity fluctuations in turbulent flow
compared with corresponding laminar flows. However, these Reynolds stresses
are not obviously linked to the mean velocity field, as in the case of purely
viscous laminar flow, therefore rendering this concept in itself insufficient to make
theoretical analysis of turbulent flow possible. Experimental work was also
hindered due to unavailability of instruments capable of measuring the fluctuating

velocity components.
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It was not until the introduction of the "mixing length theory" by Prandtl (1926),
that progress was made in theoretical treatment of turbulent flow. Prandtl’s (1904)
pioneering experimental investigations were also valuable in the study of
turbulence. From them, he introduced the boundary layer theory, dividing the flow
into two regions; one close to the wall where the friction plays an essential part,

and the second where friction can be neglected.

Prandtl’s mixing length theory (1926) is a momentum transport consideration in
which, using a loose analogy with the kinetic theory of gases, a relationship
between the Reynoldsstresses and the mean velocity gradient is derived. There
have been two other theories which are classified as "mixing length theories"; one
the similarity theory of Von Karman (1930), and the other the vorticity transport
theory of Taylor (1932). All three produce a relationship between the Reynolds
stresses and the mean flow velocity, enabling the mean flow velocity to be
evaluated from equations of motion. The mixing length theories are dependent on
the use of empirical constants, but, given the use of correct constants, reasonable

agreement with experimental results can be obtained.

The statistical theory of turbulence was introduced by Taylor (1935) and later
expanded by Taylor (1938) and Von Karman & Howarth (1938). In this theory,
statistical techniques like correlation and Fourier analysis are applied to turbulent
motion, yielding relationships between the energy spectrum and the correlation
function for the velocity fluctuations, together with measures of the scales of
turbulent motion. These early works are discussed by Batchelor (1955) and later
compiled by Friedlander & Topper (1961). The statistical approach, which
involved the introduction of homogeneous and isotropic restrictions, was not
successfully applied to turbulent shear flows in which the scale and the intensity
of turbulence depends on the position in the flow and the direction of the
consideration. This non-uniformity together with the mathematical complexity of
the equations of motion directed the investigation of turbulent boundary layer

towards a more experimental approach.
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The first quantitative evidence that turbulence is not a continuously random field
of velocity fluctuations was provided by Corrsin (1943), who reported on the
intermittently turbulent/non-turbulent behaviour near the edge of the turbulent
layer. The implication of intermittent processes in turbulent flows was that the
general behaviour of shear flow cannot be fully inferred on a homogenous shear
flow basis, but must involve boundary phenomena of some sort. This realisation
motivated an in-depth study of intermittency in the turbulent boundary layer by
Sandborn (1959). Flow visualisations, mixing-length hypotheses, ideas and
speculations as to the cause of the intermittency phenomenon gave rise to the

concept of large coherent motions, or ‘eddies’, within turbulent flows.

Two-point correlation studies were conducted in several laboratories to map the
average shape and size of these eddies. Favre, Gaviglio and Dumas (1957)
provided a summary of extensive spectra and space-time correlations of u' in a
turbulent boundary layer. This paper is notable for its detailed measurements, but
the discussion of results is minimal. An impressive early correlation study was
carried out by Grant (1958), who combined two-point correlation techniques with
profound insight into grid turbulence, cylinder wakes and boundary layers. These
investigations revealed that average large-eddy character had a downstream slope

and a slow rotation in the direction of the mean shear.

During this period, attention was drawn to the near wall region of wall bounded
turbulent pipe flows by Laufer (1952) who demonstrated that both the production
and dissipation of turbulence kinetic energy peak dramatically in the zone just
outside the sublayer. Klebanoff (1953) corroborated Laufer’s result in a turbulent
boundary layer, and showed that more than a third of the production and
dissipation of turbulent energy occurs within the inner 2% of the boundary layer
at Rey = 7500. These results made it clear that the thin wall region plays a
dominant role in maintaining turbulence in the entire boundary layer, and marked
the beginning of the concentrated scrutiny that the near wall region has received

ever since.
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Einstein & Li (1956) published photographs of dyed fluid in the sublayer,
spreading through the outer turbulent fluid by means of localised outward
eruptions. Grant (1958) provided two-point correlations of u' and v' near the
wall that he interpreted as localised outward ‘jets’ of fluid originating at the outer
edge of the sublayer, and functioning as ‘stress-relieving motions’ in the high
shear region near the wall. He also found that the near-wall motions and, in
particular, the ‘erupted’ fluid, were highly elongated in the streamwise direction,
but narrow in the spanwise direction. Near-wall streaky structure was also noted
in the transitional boundary layers by Hama & Nutant (1963). These observations
formed the foundations for the large subsequent body of work done on the

coherent structures of near-wall turbulent shear flow.

The most observed phenomenon is the ejection of low momentum fluid from the
low speed streaks into the outer flow region. This process which was identified
by Kline et al (1967) as ‘bursting’, provides an interaction between the wall layer
and the rest of the boundary layer. During this process, individual low speed
streaks are lifted away from the wall, oscillating and then breaking down. Kim
et al (1971) demonstrated that the bursting process contributes the majority (up to
70%) of turbulent energy production in a turbulent boundary layer. This shows
the importance of low-speed streaks as they act as the apparent sites for the

production of turbulent energy.

This apparently intimate relationship between low-speed streaks and turbulent
kinetic energy production via the ‘bursting’ process, indicates that the physical
characteristics of low-speed streaks should be a reflection of the physics giving
rise to surface-transport processes, such as surface drag and heat transfer (see eg.
Oldaker & Tiederman (1977)), thus meriting closer examination. Various studies
have examined the physical characteristics of the low-speed streaks, such as mean
transverse spacing, and vertical and streamwise extent. These investigations have
been confined to smooth boundary flows, and the most significant finding has been
the discovery of the existence of a consistent mean transverse spacing between
low-speed streaks A, which has been widely accepted as AU, /v=A*=100. This
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value, originally suggested by Schraub & Kline (1965) in their pioneering work,
has since been confirmed by several studies employing different visual&probe
techniques (Oldaker & Tiederman (1977); Achia & Thompson (1976); Lee,
Eckelmann & Hanratty (1974); Blackwelder & Eckelmann (1979); Kreplin &
Eckelmann (1979); Nakagawa & Nezu (1981); Smith & Metzler (1983)).

The hydrogen bubble visualisation technique was first employed by Schraub and
Kline (1965) to obtain a detailed picture of the streaky nature of the flow structure
in the viscous sublayer on a smooth wall, with its alternating narrow, elongated
zones of high and low fluid velocity. Kline et al (1971) then linked this streaky
structure to the bursting process, which they described as a randomly occurring
event comprising gradual local lift-up of the fluid in the low speed streaks, sudden
oscillation, bursting and ejection. Based on observations from similar visualisation
studies of the boundary layer flow structure, Corino & Brodkey (1969) and Grass
(1971) went on to identify, describe and link sweep and energetic inrush events
to this bursting and ejection phenomenon. Grass (1971) demonstrated that the
inrush events bring high-speed fluid in close to the boundary, forming the high-
speed streaks in an action which intensifies the near wall vorticity by lateral
spanwise stretching, also generating new vorticity which is subsequently

transported away from the wall by the ejections.

The observation of ejection and inrush events, as a linked part of a random,
continuously recurring process of turbulence generation gives considerable support
to Lighthill’s (1963) deduction regarding the necessary existence of a pattern of
inward and outward transport of fluid in a turbulent boundary layer flow. His
argument is that such a pattern probably represents the only means by which the
very large gradients in mean vorticity, present at the wall in turbulent boundary
layers, can be maintained against the correspondingly large outward diffusion and
transport of vorticity by viscous and ejective turbulence action. Significantly,
because this argument applies independently of wall roughness, similar patterns of
fluid motion over rough boundaries can reasonably be expected. Grass

(1967)(1971) confirmed this expectation and clearly demonstrated the existence of
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both violent ejection and inrush events over rough walls. It was concluded that
these were common features of boundary layer turbulence irrespective of wall

roughness condition.

Theodorsen (1952) with intuitive insight almost four decades ago, proposed a
horseshoe shaped vortical structure as the principal element of turbulence
generation in shear flows. Fig 1.1, taken from his original paper, illustrates this
model with the horseshoe shaped vortical structure inclined in the direction of the
flow. Our knowledge of the existence of common structural features such as
inrush and ejection events, together with the emergence of further structural
evidence to date, strongly support Theodorsen’s conjecture, confirming the
pervasive presence of horseshoe type vortical structures not only in wall-bounded
flows but also in free shear layers, laminar to turbulent transition, and even

sheared homogeneous turbulence.

Since Theodorsen’s paper, in an attempt to improve our understanding of this
process, numerous models of turbulence structure have been proposed. These
typically involve similar single or multiple configurations of horseshoe shaped
(frequently referred to as ‘hairpin’) vortical structures. Many of these models have
been constructed, often with considerable ingenuity, either on the basis of
consistency with velocity or pressure correlation measurements, or inferred from
a wide variety of flow visualisation studies, almost invariably yielding incomplete
images. Comprehensive reviews of these conceptual models have been given by
Wallace (1985) and more recently by Robinson (1989).

Despite the large number of investigations over the years, it is somewhat
surprising that direct visual evidence of the existence of horseshoe-type vortical
structures remains extremely restricted. A combination of the inherent difficulties
of such visualisations, using existing techniques, and the actual fragmented and
incomplete form of the rolled up vortex elements and structures reported by Kline
& Robinson (1989) and Robinson (1990), possibly accounts for this shortcoming,
Head & Bandyopadhyay’s (1981) photographic images, produced in a flow
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visualisation study where a section of the turbulent boundary layer filled with
smoke was illuminated with an intense plane of light, probably represents the most
positive ‘sighting’ of horseshoe-type vortical structures.  Fig 1.2 illustrates
examples of these visualisations with the illumination plane at two different
visualisation angles, effectively revealing cross-sections and plane views of

horseshoe shaped vortical structures.

Their study was particularly valuable as it covered a relatively wide range of
Reynolds numbers and identified important changes in the general flow structure
which occurred as the ratio between boundary layer thickness and the viscous wall
length scale (Reynolds number) increased.  Direct visual evidence of either
streamwise or transverse vortices in turbulent boundary layers, presumably forming
restricted view elements of three-dimensional vortical structures, is extensively
reported in the literature, for example, by Kim et al (1971), Grass (1971) (1982),
Clark & Markland (1971), Nychas et al (1973), Praturi & Brodkey (1978), Smith
& Swartz (1983), Kasagi et al (1986) and Smith & Lu (1988).

Substantial indirect and supportive visual evidence can also be adduced to
demonstrate the clear presence of three-dimensional vortical structures in wall
shear layers. Weske & Plantholt (1953) produced photographs of horseshoe
vortices produced in laminar pipeflow, triggered by a small semi-spherical
protrusion on the wall, examples of which are shown in Fig 1.3. The flow
visualisation presented in Fig 1.4, obtained using the hydrogen bubble visualisation
technique and reproduced from a study by Williams et al (1984), demonstrates the
formation of vortical structures during transition from laminar to turbulent flow.
Fig 1.5 shows the formation of typical hairpin-type vortices in tripped laminar
boundary layers, obtained by Perry et al (1981) using smoke as a visualisation
medium. Similar evidence in transition from laminar to turbulent flow and in
tripped boundary layers was presented by Hama & Nutant (1963) and Acarlar &
Smith (1987), respectively. Further examples of the formation of horseshoe
vortices in shear flows in general, consistent with Theodorsen’s conjecture, are

given by Muller & Gyr (1986) in the separated mixing layer downstream of two-
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dimensional sand dunes, by Sene et al (1989) in planar plunging jets, and by Ferre
et al (1990) in the plane turbulent wake behind a circular cylinder.

With the availability of powerful digital computers a new avenue for research in
turbulence science has opened up. Probably the most complete and convincing
evidence of the existence of vortical structures embedded in fully developed
turbulent boundary layers has come from recent computational studies. The
successful development of effective ‘direct’ and ‘large eddy’ numerical simulations
of turbulent flows over the past decade, represents a prime example of the impact

of new techniques in promoting advances in turbulence science.

The use of ‘large eddy’ numerical simulations enabled Moin & Kim (1982) to
simulate successfully a fully developed turbulent boundary layer flow and identify
the alternating pattern of low and high speed streaks in the wall region. Further
investigation of this simulated flow enabled Moin & Kim (1985) and Kim & Moin
(1986) to identify horseshoe-type vortical structures clearly throughout the wall
boundary layer. Fig 1.6 shows an example of a vortex ‘filament’ (composed of
several vortex lines) identifying a vortex loop (taken from Moin & Kim (1985)).
As might be expected, given the highly irregular three-dimensional distribution of
background vorticity and fluid motion, and the similarly contorted form of internal
shear layers in a turbulent boundary layer, this example and other vortex loops
appear as considerably distorted and frequently asymmetrical versions of the
symmetrical horseshoe configuration shown in Theodorsen’s idealized illustration
(Fig 1.1).

Ensemble averages of the vortex lines associated with ejection and sweep events
presented by Kim & Moin (1986) provide excellent evidence of the formation of
horseshoe configurations, inclined upwards and downwards at approximately 45°
to the channel walls in the outerflow region. These observations led them to
conclude that the vortex stretching process, which also represents a central element
in Theodorsen’s analysis, is the proper mechanism for the formation of horseshoe

vortices and a dominant flow mechanism.
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Both through instantaneous realisations (Moin & Kim (1985)) and ensemble
averages (Kim & Moin (1986)) the association of the bursting process with
horseshoe shaped vortical structures inclined at 45° to the wall is shown. This
angle coincides with the principal axis along which the rate of strain and vortex
stretching, and hence vorticity gain and energy absorption, are at their maximum.
The hairpin vortices observed by Head and Bandyopadhyay (1982) also tended to
be inclined at this characteristic 45° angle. Ejection events were associated with
upward looping vortices of the form shown in Fig 1.1, with their self-induced
velocity away from the wall and strong updraught currents between the side limbs.
Sweep and inrush events were similarly linked to the presence of inverted,
downward-pointing horseshoes. These types of structure are therefore associated
with large contributions to Reynolds shear stress and turbulence production. Kim
& Moin (1986) also carried out a direct numerical simulation, the results of which
compared closely with the ‘large eddy’ simulation results and further confirmed

both their findings and the validity of the ‘large eddy ’ simulation technique.

Guezennec et al (1989) analysed data obtained in a direct numerical simulation of
a low Reynolds number channel flow, using a conditional averaging scheme,
which preserved any lack of symmetry in Reynolds stress-producing events. They
concluded, that these ejection, inrush and sweep events were strongly linked with
the presence of apparently asymmetrical vortical structures in the wall layer. A
typically distorted and asymmetrical horseshoe vortex with limb positions
staggered in the streamwise direction, or with one of the limbs missing due to lack
of roll-up in a relatively weak shear layer, is entirely consistent with this observed
asymmetry in the velocity vector representations of the averaged and instantaneous
structure. These structural characteristics are evident in the examples of horseshoe
shaped vortical structures presented by Kim & Moin (1985). Robinson et al’s
(1989) extensive analysis of the database generated in a direct numerical
simulation of a flat plate boundary layer by Spalart (1988), also revealed the
presence of typically irregular and fragmented form of the horseshoe shaped
vortical structure throughout the boundary layer.
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