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TO MY PARENTS

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 o f lowspeed 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 o f 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 o f four flow rates
(Reynolds number range of 5000-11OCX)) 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 o f 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 stmcture concepts.
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CHAPTER 1
INTRODUCTION AND LITERATURE SURVEY

1.1 INTRODUCTION

Boundary layer flows in most situations o f 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
stmcture 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 o f the globe remained in a laminar rather
than their normal turbulent state. A typical river, with a depth o f 5 metres and a
current velocity o f 1 mph, without the presence o f man-made controls, would be
transformed into a shallow, swiftly moving sheet flow, o f 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
18

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 o f 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 o f 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 o f the eroded landscape as we
know it.

Such a realisation, together with today’s ever increasing awareness o f man’s
destructive impact on the environment, highlights the importance o f turbulence and
its role as a major transporting and diffusing agent for pollutants, heat, and other
passive and non-passive contaminants. Further knowledge o f turbulent boundary
layenis needed, for example, in order to better predict the behaviour of surface
water and atmospheric flow systems. Information o f 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 o f the mechanics o f turbulence.

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

Over the years researchers from different engineering
19

fields have undertaken studies in order to explore the structure o f 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 o f 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 o f 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 o f 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 o f 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 o f instantaneous spanwise velocity distributions. The experimental
apparatus, measurements o f 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 o f 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 o f knowledge. The ejection and inrush events over rough walls were
identified by Grass (1967), while direct and unique experimental evidence o f 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 o f wall layer flows
in general.

In this investigation a more detailed consideration o f 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 o f detailed study,
the physical mechanics o f 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 o f engineering fields, and consequently a comprehensive discussion o f the
knowledge in this field is a major task and outside the scope o f 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 the turbulent flow velocity into
mean and fluctuating components. More importantly still, by substituting these
components into the Navier-Stokes equations o f 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 o f 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 o f instruments capable o f 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 o f 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 o f gases, a relationship
between the Reynolds stresses and the mean velocity gradient is derived. There
have been two other theories which are classified as "mixing length theories"; one
the similarity theory o f 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 o f 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 o f 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 o f homogeneous and isotropic restrictions, was not
successfully applied to turbulent shear flows in which the scale and the intensity
of tiu’bulence depends on the position in the flow and the direction o f the
consideration. This non-uniformity together with the mathematical complexity of
the equations o f motion directed the investigation o f 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 o f the turbulent
layer. The implication o f 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 o f some sort. This realisation
motivated an in-depth study of intermittency in the turbulent boundary layer by
Sandbom (1959).

Flow visualisations, mixing-length hypotheses, ideas and

speculations as to the cause of the intermittency phenomenon gave rise to the
concept o f 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 o f u' in a
turbulent boundary layer. This paper is notable for its detailed measurements, but
the discussion o f 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 o f wall bounded
turbulent pipe flows by Laufer (1952) who demonstrated that both the production
and dissipation o f 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 o f the production and
dissipation of turbulent energy occurs within the inner 2% o f the boundary layer
at Reg = 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 o f the concentrated scrutiny that the near wall region has received
ever since.
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Einstein & Li (1956) published photographs o f dyed fluid in the sublayer,
spreading through the outer turbulent fluid by means o f localised outward
eruptions. Grant (1958) provided two-point correlations o f u' and v' near the
wall that he interpreted as localised outward ‘jets’ o f fluid originating at the outer
edge of the sublayer, and functioning as ‘stress-relieving motions’ in the high
shear region near the waU.

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 o f 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 o f low-speed streaks should be a reflection o f 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 1, which has been widely accepted as A,Uyv=^^=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 o f the streaky nature of the flow structure
in the viscous sublayer on a smooth wall, with its alternating narrow, elongated
zones o f 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 o f a random,
continuously recurring process of turbulence generation gives considerable support
to Lighthill’s (1963) deduction regarding the necessary existence o f 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 o f vorticity by viscous and ejective turbulence action.

Significantly,

because this argument applies independently o f 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 o f 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 o f the
flow.

Our knowledge of the existence o f 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 o f this
process, numerous models of turbulence structure have been proposed.

These

typically involve similar single or multiple configurations o f horseshoe shaped
(frequently referred to as ‘hairpin’) vortical structures. Many o f 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 o f horseshoe-type vortical
stmctures remains extremely restricted. A combination o f 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 o f horseshoe

vortices produced in laminar pipeflow, triggered by a small semi-spherical
protmsion 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 o f the formation o f 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 o f the impact
o f 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 o f 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 o f 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 o f the
symmetrical horseshoe configuration shown in Theodorsen’s idealized illustration
(Fig 1.1).

Ensemble averages of the vortex hnes 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 o f 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 o f 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 o f strain and vortex
stretching, and hence vorticity gain and energy absorption, are at their maximum.
The haiipin 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 o f inverted,
downward-pointing horseshoes. These types o f 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 o f 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 o f 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 o f the limbs missing due to lack
o f roll-up in a relatively weak shear layer, is entirely consistent with this observed
asymmetry in the velocity vector representations o f the averaged and instantaneous
structure. These structural characteristics are evident in the examples o f 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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With the creative use of innovative, three-dimensional motion computer graphics,
Robinson et al (1989) were able to examine the time evolution o f the vortical
structures and hence to establish a more detailed picture o f their direct links with
ejection and sweep/inrush events. As can be seen in Fig 1.7a they identified a
one-sided horseshoe shape as a recurring typical form o f vortical structure with a
spanwise ‘head’ section and an elongated ‘leg’ section depicted by the low
pressure regions. Fig 1.7b shows the spacial relationship between the low-speed
region and the vortical structures. From a series o f similar observations, Robinson
et al concluded that the low-speed fluid concentrated below and upstream o f the
vortical structures, and alongside the trailing vortex leg. Fig 1.7c demonstrates the
relationship of vortical structures with ejection and sweep events. These events
are identified using the quadrant method, briefly explained in chapter 2.

Robinson (1990) demonstrated a possible mechanism for the formation o f lowspeed streaks and subsequent bursting and ejection, under the pressure field
influence of a single side or limb of a horseshoe-type structure.

This has been

confirmed in the effectively combined flow visualisation and theoretical modelling
studies reported by Smith et al (1989) and by Walker (1990).

Thus, whilst the

counter-rotating leg vortices of a symmetrical horseshoe configuration produce
similar wall layer eruption and ejection events, such symmetry is not essential for
the turbulence production process.

A comprehensive review of the collective community-wide knowledge of boundary
layer structure is presented by Kline & Robinson (1989), including an assessment
and interpretation of extensive numerical simulation studies.

From this, they

conclude that powerful vortical structures, apparently representing rolled up
elements of the typical incompletely developed horseshoe form, represent the
central feature of the turbulence generation process. From the existing evidence,
it is apparent that these vortical structures, described appropriately by Robinson
(1989) as "pumps", are the primary agent for transport o f mass, momentum,
vorticity, heat and other contaminants, outwardly and inwardly across the boundary
layer.

These vortices extract their energy from the mean flow by the simple
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mechanism of vortex stretching. Lighthill’s (1963) deduction regarding the basic
inward and outward transport characteristics o f the boundary layer flow field is
therefore borne out. Vortical structures also provide the necessary mechanism for
maintenance of the high-vorticity layer at the wall against large outward vorticity
transport.

From observation o f the presence and the formation o f horseshoe vortices in the
outer regions of the boundary layer remote from wall influence, Kim & Moin
(1986) suggested, in line with Theodorsen’s idea, that such structures are a
universal feature o f all shear flows, with or without a wall. They predicted that
the essential requirement for their formation is the presence o f vortex stretching
due to the strain field. In order to examine this prediction, Rogers & Moin (1987)
and Lee et al (1990) have used direct numerical simulation techniques to explore
the effects of applying shear to an initially homogeneous turbulence field. At
moderate shear rates, horseshoe vortex structures were observed to form,
apparently under the action of vorticity stretching along the direction of mean
straining and initially inclined at an angle o f 45° to the flow direction.

Fig 1.8

is an example of this formation of a horseshoe shaped structure depicted by vortex
lines (reproduced from Rogers & Moin (1987)). At higher shear rates a distinct
‘streaky’ pattern appeared in the velocity field, very similar to the elongated highand low-velocity streaks formed in the strongly-sheared viscous sublayer of wallbounded flows.

Directly confirming Theodorsen’s conjectures, these valuable

results also lend powerful support to the concept o f a dominant turbulence
generation mechanism and structure common to all shear flows.

The wide-ranging evidence from both flow visualisation and numerical simulation
studies reviewed by Kline & Robinson (1989) and Robinson (1989), indicates that
the phenomenon of firee shear layer instability and roll-up, which concentrates
vorticity into discrete vortex filaments, also plays a central role in the generation
of horseshoe-type structures. As might be expected, highly irregular and threedimensional internal shear layers are embedded in turbulent boundary layers.
These shear layers are observed by Kline & Robinson (1989) to form over the top
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and sides of low-speed wall streaks and ejected masses o f outward-moving, lowvelocity fluid, at the interface with the high-velocity surrounding fluid.

Due to

the mean velocity gradient in the sheared flow, the largest velocities are
intercepted at the level o f the top of the slow-moving fluid mass and form the
most intense shear layers. These tend therefore to roll up first, producing the
’head’ elements o f the horseshoe structures. The inclined vortex lines in the side
shear layers are stretched, intensifying the vorticity which in turn accelerates the
roll-up action to form the Teg’-elements of the horseshoe or part-horseshoe
vortical structures, as illustrated in Fig 1.7.

During the formation of vortical structures, involving a combined mechanism of
shear layer roll-up and vorticity stretching, mean flow energy is transferred to the
vortical structure.

This swift transfer of energy is certainly consistent with the

relatively violent nature of the ejection and inrush events described by Grass
(1971). The bursting process was observed by Robinson (1990) to result from the
passage of a vortical structure, which ejects low-speed fluid away from the wall
by a mechanism o f ‘vortex induction’. A similar mechanism o f direct induction
has also been described by Acarlar & Smith (1987) in an experimental study in
which the interaction of a hairpin vortex introduced in a laminar boundary layer
was observed.

Using computational techniques Walker and Herzog (1988)

demonstrated that the viscous interaction between the pressure gradient induced
by a moving vortex near the wall, can produce a violent eruption of the wall layer
fluid. Walker (1990) suggests a direct link between these predicted eruptions and
the bursting phenomenon and also the formation o f new horseshoe structures.

Evidence of such a self-induced process o f structure regeneration has been
provided by the flow visualisation studies reported by Perry et al (1981) and by
Smith et al (1989). The transverse propagation and spread o f horseshoe structures
also observed in these fundamental experiments has been reproduced in the
theoretical computational studies of vortex filament distortion in a wall shear layer
by Hon & Walker (1991). The conceptual model o f the formation and propagation
of hairpin shaped vortical stmctures proposed by Smith & Walker (1990), which
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also serves to emphasise the link between the low-speed streaks and the bursting
process, is further reviewed in chapter 2.

The use of numerical modelling techniques made possible by the development of
modem computers, has undoubtedly contributed greatly to our understanding of
turbulence physics. Through numerical modelling, comprehensive pressure and
velocity field information is made available, which it has not been possible to
obtain in experimental studies.

Such information is invaluable to our

understanding of the processes involved in turbulent boundary layers and in the
development of more effective models for engineering calculations. Even with the
availability of powerful computers, however, direct numerical solutions o f the
Navier-Stokes equations have only been possible for simple low Reynolds number
turbulent boundary layer flows over a smooth bed. The size o f the computational
grid necessary to resolve the small-scale flow stmcture results in a number of
computations so large as to inevitably impose restrictions on the complexity o f the
flow which can be considered. There also remains an important need for high
quality physical experiments to validate simulation results.

Due to the fact that high Reynolds numbers encountered in geophysical flows put
them well beyond the computational scope o f direct numerical simulation,
experimental investigation is also still needed in these areas.

Large eddy

simulation methods may help to resolve some o f these problems for certain
restricted tasks, although the specification o f computational boundary conditions
for rough wall flows remains a limiting obstacle for the application o f any
numerical methods to engineering problems.

Reaching an understanding o f the mechanism of structural growth in boundary
layer turbulence possibly holds the key to enabling the modelling of high Reynolds
number flows. This however remains a major weakness in our current knowledge,
as high Reynolds number flows are both difficult to explore experimentally and
beyond the scope of numerical simulations. At the Reynolds numbers typically
encountered in geophysical flows in rivers, tidal currents and the atmospheric
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boundary layer, for example, the ratio between the size o f the largest eddies, which
scale with the boundary layer thickness, and the typical dimensions o f the walllayer structures, which relate to the viscous or wall roughness length scale,
becomes extremely large. This has important and complicating implications for
the near-wall turbulence characteristics as illustrated by Grass et al (1991) in their
‘frozen lake’ hypothesis.

In this hypothesis an atmospheric boundary layer several hundred metres thick is
imagined, developed over the aerodynamically smooth surface o f a vast frozen
lake.

For a moderate mean wind speed o f 10 to 20 metres per second, the streak

spacing characterising the dimension of the horseshoe-type vortical structures in
the wall layer would be a few millimetres.

As observed by Head and

Bandyopadhyay (1981) the wall-layer vortex structures only survived, in their most
stretched state, up to a wall distance of about 50 wall streak spacings.

In the

frozen lake situation, therefore, the small wall vortices would only be capable of
outwardly diffusing vorticity throughout a thin ‘carpet’ layer, o f order one tenth
of a metre thick, above the ice surface. It is interesting to speculate, therefore,
how the flow lifts and distributes vorticity out to wall distances o f several hundred
metres - such that it would account for the presence o f largest scale turbulent
structures.

As pointed out by Grass et al (1991), the wall layer streak spacing wiU adjust to,
and essentially follow, the low frequency variations in background flow induced
by the large-scale gusting structure. This is equivalent to very slowly increasing
and then reducing the mean velocity in a wind tunnel boundary layer test. In these
circumstances the near-wall turbulence characteristics and mean velocity profile
continuously adjust to and scale with the prevailing quasi-steady flow conditions.
Townsend (1961) and Bradshaw (1967) introduced the concept o f ‘active’ and
‘inactive’ motion to explain the apparent Reynolds number dependency o f certain
correlation functions near the wall.

The ‘active’ motion was linked to locally-

scaled eddies which generate Reynolds shear stress, whilst the ‘inactive’ motion
was deemed to be associated with very large-scale eddies which simply slowly
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accelerate and decelerate the wall flow and make little direct contribution to local
Reynolds shear stress.

This effect has far-reaching implications for very high

Reynolds number flows, since the law of the wall, based on the long-term
averaged value of wall shear stress ceases to apply, as explained in detail by
Townsend (1976).

Fortunately however, the mean velocity distribution remains largely unaffected,
except at extremely large geophysical scale Reynolds numbers when the amplitude
of the low frequency fluctuations in mean wall velocity about the long-term
average becomes significant.

In contrast, important and systematic divergence

does occur in the magnitude of the streamwise component o f turbulence intensity,
leading to the recording of much larger values in the atmospheric boundary layer
than in laboratory scale tests (Townsend (1976)).

This Reynolds number

influence is apparent, nevertheless, at modest laboratory scale Reynolds numbers,
as evidenced by the carefully controlled spectral measurements presented by Perry
et al (1987) and the corresponding results from numerical simulation by Spalart
(1988).

One example of the practical implications o f these findings lies in the

area of sediment transport. Here, the transport o f loose boundary sediment by
either water or wind flows is strongly influenced by turbulence intensity (Grass
(1982)).

The breakdown of wall similarity highlights therefore, the fact that

differences must be expected between laboratory-based observations and
corresponding behaviour in geophysical flows.

To address the question of vorticity transport across a large boundary layer as
raised by the frozen lake hypothesis. Grass et al (1991) suggest that there must be
some form of continuous hierarchy of horseshoe structures, with typical local size
increasing with wall distance.

The size o f the vortical structures essentially

determines the height to which vorticity can be ‘pumped’. Progressively larger
vortical stmctures take over and continue this process up to the largest scales
which relate to the local boundary layer thickness. A continuous range of eddy
scales is also a key feature of Townsend’s (1976) attached-eddy hypothesis,
represented by him in the simplified form of a double vortical cone stmcture in
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contact with, and hence attached to, the wall along its entire length.

Perry &

Chong (1982) and Perry et al (1987) (1983) went on to extend Townsend’s
hypothesis by proposing a more detailed eddy model, assisted by the flow
visualisation studies of Head and Bandyopadhyay (1981).

This model features

the turbulence structure in the form of a hierarchical assemblage o f grouped
horseshoe-type vortices with average scale again increasing with wall distance.

In quest of an explanation for the growth mechanism. Perry and Chong (1982)
suggest a process of vortex pairing, similar to that occurring in free shear layers,
jets and wakes.

Such pairing has also been observed for artificially induced

horseshoe vortices in laminar boundary layers, and in computational model
simulations reported by Smith et al (1989). The merging and coalescence o f lowspeed streaks in the viscous wall region of a turbulent boundary layer reported by
Nakagawa & Nezu (1981) and by Smith & Metzler (1983) has been linked by
these authors to the observed increase in streak spacing with wall distance. This
increase may reflect scale growth in the associated horseshoe structures. Head and
Bandyopadhyay (1981) suggested a growth process in which streamwise
cancellation o f vorticity combined with the preservation of spanwise ‘head’
vortices and their subsequent re-connection to facilitate the generation o f further
hairpin vortices in turbulent boundary layers. Jimenez (1983) later proposed a
similar cancellation and re-assembly of vorticity as a possible explanation of the
observed growth in spanwise structure in a plane shear layer.

In the imagined frozen lake flow. Grass et al (1991) postulate that the thin ‘carpet’
layer of relatively intense vorticity, described earlier, might be susceptible to the
same regenerative mode of instability as the very thin, underlying, viscous
sublayer.

In this case, it would be reasonable to assume that the resulting

horseshoe-type vortical structures would scale on some effective eddy viscosity
and averaged strain rate for the carpet layer. This idealised process could then
conceivably be repeated across the entire boundary layer thickness with everincreasing structure scale.
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The observations of Rogers & Moin (1987) and Lee et al (1990) in which
horseshoe vortical structures were found to form in sheared homogeneous
turbulence possibly support this suggestion. It is reasonable to suppose that the
same selective amplification mechanism which was responsible for organising and
concentrating vorticity in such an unordered flow field, could generate similar
coherent structures from the smaller-scale vortical structures present in the near
wall layers.

Once formed, these could be increased in scale by the vortex-

stretching process.

This growth would, in turn, be reflected in the spectral

wavelengths which ultimately determine the scale of further newly-formed vortices
downstream (Lee et al (1990)).

Rogers & Moin (1987) also found that long

spanwise vortices appeared in the simulated flow field at relatively late times in
the flow development, speculating that these might be the connected ‘head’
vortices of decayed horseshoe structures following the suggestions by Head and
Bandyopadhyay (1981).

Such spanwise vortices must be inherently unstable as

demonstrated, for example, by Hama (1963) and Hon & Walker (1991), eventually
distorting to form enlarged horseshoe vortices in the same way as a near wall
vorticity. It is quite feasible that evidence for this would emerge from numerical
simulations of sheared homogeneous flow extended over longer shear times.

The above literature survey presents a summary o f current knowledge regarding
coherent vortical structures in turbulent boundary layers and their role in
turbulence generation.

Clearly, the overwhelming majority o f investigations

carried out to date relate to smooth wall flow, while this is exclusively the case
for the vital numerical simulation studies. This thesis, by contrast, concentrates
on rough wall flows which more or less exclusively prevail in the geophysical
environment. The valuable experimental evidence obtained by Stuart (1984) at
UCL, and its detailed analysis, backed by preliminary findings from this study
presented by Grass, Stuart and Mansour-Tehrani (1991), have given every reason
to expect that horseshoe-type vortical structures represent the dominant feature of
boundary layer structure over rough walls equally as they do for smooth. A brief
description of these and the other principal coherent stmctures found extensively
in smooth boundary layers therefore follows in chapter 2, together with an
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explanation of their important bearing on the investigation o f this thesis.
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Fig 1.1

Horseshoe vortex model first proposed by Theodorsen (1952)

III

D o w n s t r e a m light p i an o

U p s t r e a m light p l a n e

(j)

Fig 1.2

Head and Bandyopadhyay’s (1981) flow visualisation of horseshoe type
vortical structures with the transverse light plane inclined at a) 45°
downstream and b) 45° upstream for different Reynolds number flows
[i)R ee = 6 0 0 ii)R ee=1700 iii) Reg=9400 ]
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Fig 1.3

Pictures by Weske et al (1953) a) Horseshoe vortices arising from a
protrusion on a wall in a laminar pipe flow, b) oblique view, c)
Sequence of horseshoe shown by tellurium wire, d) Sequence of
horseshoes at higher Reynolds number

Fig. 1.4

Formation of a vortex loop illustrated using hydrogen bubble
visualisation, in boundary layer transition (Williams et al(1984))
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Fig 1.5

Typical smoke patterns of ‘A-shaped’ vortices obtained by Perry et al
(1981) produced by placing a trip wire in a laminar boundary layer
flow a) plan view, b) oblique view.
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Fig 1.6

A set of vortex lines (vortex filament) depicting a horseshoe-shaped
structure a) 3-D view b) end view c) side view (Moin & Kim (1985))
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Fig 1.7

Example of unsymmetrical horseshoe shaped vortical structure obtained
in a numerical simulation of smooth wall boundary layer (Robinson et
al (1989)). a) Low pressure regions identifying a typical unsymmetrical
vortex with the spanwise 'head and the streamwise ‘leg’ sections, b)
low-speed regions and the ejections, c) ejection and sweep regions.
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Fig 1.7 c)

Ejection and sweep regions (Robinson et al (1989))

y

y

ib)

Fig 1.8

Typical vortex lines displaying a hairpin-like structure in a sheared
homogeneous turbulent flow a) 3-D view b) side view c) end view.
(Rogers & Moin (1987))
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CHAPTER 2
COHERENT STRUCTURES

2.1 INTRODUCTION

In recent years numerous studies have been mounted on the nature of turbulence
and the structure of turbulent boundary layers, a review of which is given in
chapter 1. The presence of quasi-periodic and repeating patterns o f fluid motion
in turbulent boundary layers has been noted by many different observers. From
their research the existence of ‘coherent’ structures has been established with close
linkage to the generation of boundary layer turbulence and the absorption of the
mean flow energy. Due to the complexity of the subject, each research project has
tended to focus upon specific aspects of the turbulence structure, as is the case in
this study.

The general objective, however, is to develop a comprehensive

conceptual model of the physics of boundary layer turbulence which accounts for
the known structural features and describes the kinematics and dynamics of
turbulence production and dissipation.

Coherent motion is defined by Robinson & Kline as "a three dimensional region
of the flow over which at least one fundamental flow variable (velocity
component, density, temperature etc.) exhibits significant correlation with itself or
with another variable over a range of space and/or time that is significantly larger
than the smallest local scale of the flow".

A number o f other definitions for

‘coherent motion’ or ‘coherent structure’ are available in the literature (Hussain
(1986), Blackwelder (1989)), but the general definition above provides an excellent
foundation for development.

Although the literature survey in chapter 1 provides an up-to-date review of our
understanding of coherent structures, it will be useful to present a further classified
description of coherent features observed in turbulent boundary layers. Robinson
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et al (1989) carried out a comprehensive survey o f the body o f knowledge for the
case o f a flat-plate turbulent boundary layer. They identified the structural features
and structures observed experimentally in laboratory boundary layers in
numerically simulated boundary layers, thereby validating their existence. These
structures were subsequently grouped into eight classes.

This classification is

neither necessarily complete nor conclusive, yet it remains extremely useful in
clarifying our present understanding of coherent structures.

For rough boundary flows, these highly elucidatory numerical simulations have not
yet been possible. The experimental work on rough boundary flows has also been
limited, although previous studies on the subject carried out at UCL by Grass
(1967) and Stuart (1984), have provided extensive corresponding information.
These studies have been reviewed in the light o f the present knowledge of
coherent structures obtained from the more comprehensively investigated smooth
wall case. Strong evidence of various types o f coherent structures classified in this
chapter has also been observed for rough boundary flows, and is also presented
below.

2.2

CLASSIFICATION

OF

BOUNDARY

LAYER

TURBULENCE

STRUCTURES

Kline & Robinson (1989) suggest the following list o f turbulence structures and
stmctural features on which there appears to be community consensus:
1.

Low-speed streaks

2.

Ejections o f low-speed fluid outward from the wall, including lifting lowspeed streaks.

3.

Sweeps o f high-speed fluid inward towards the wall, including inrushes
from the outer region.

4.

Vortical structures of various forms.

5.

Near wall shear layers, exhibiting local concentrations of spanwise vorticity
and (du'/dx).

6.

Near wall ‘pockets’ seen as regions swept clean o f near wall marker fluid
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in experiments.
7.

Large (5-scale) motions capped by bulges in the outer turbulent/potential
interface.

8.

‘Backs’ of large scale outer region motions, consisting o f (5-scale)
discontinuities in the streamwise velocity.

A brief description of each of the above structural features follows, although more
complete information is given by Kline & Robinson (1989).

2.2.1 LOW -SPEED STREAKS

As far as is known, the viscous sub-layer o f every turbulent boundary layer is
composed o f elongated regions of high- and low-speed fluid. In fact, this streaky
stmcture is useful as a diagnostic aid to determine whether a wall-bounded flow
is turbulent, or simply unsteady but laminar.

In the sublayer, the streaky stmcture exhibits a mean spanwise length scale of
approximately 100 viscous lengths, with a mode o f 80, and a log-normal
distribution (Kim et al (1971)).

These streak characteristics are apparently

independent of Reynolds number (Smith & Metzler (1983)) but the spanwise
spacing increases with distance from the wall outside the sublayer. For y"^ > 40,
the streaky stmcture of the streamwise velocity field becomes considerably less
defined.

On the basis of low Reynolds number (Re@<750) channel flow studies, Nakagawa
& Nezu (1981) have suggested that the spanwise spacing o f low-speed streaks may
be represented by a log-normal distribution (ie. where the logarithm o f the
distribution is normally distributed). Smith & Metzler (1983) demonstrated that
the log-normal distribution closely describes the streak spacing for a range of
Reynolds numbers and for increasing heights above the bed up to y-t-=30. The
log-normal probability density function is given by;
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P(X )J exp[(-l/2)( (lA|/o)ln(XAo))] ] / XVo((2Jc)''^)

2.1

where Xq represents the median value of X and \|/q is the coefficient o f variation
of ln(X), (see Hastings & Peacock (1975)); therefore;

Xo = X(l+Vx^)-'«

2.2

Vo = [ln(l+V)L^)]’^

2.3

and

where X is the mean and

is the coefficient of variation o f X.

The results of this study are compared with the log-normal distribution expressed
in the above equation, and the findings are presented in chapter 7.

In the case of flat-plate turbulent boundary layer, the streamwise velocity o f the
sublayer low-speed streaks is typically 1/2 that o f the local mean, while the
velocity of the high-speed streaks is roughly 3/2 o f the local mean speed (Kline
et al (1971)).

Low-speed streaks are from 20 to 60 viscous lengths wide

(spanwise) andextend
direction(Hirata

up to a thousand or more lengthsin thestreamwise

andKasagi

(1979)).

The wall low-speed streaks meander

spanwise in time over approximately 30 to 50 viscous lengths, and exhibit a
sinuous character, commonly branching and reconnecting (Kline et al (1967)). Fig
2.1 taken from Kline & Robinson (1989) illustrates a typical distribution o f the
low-speed streaks (y"^ =15) bearing out the above description. This figure also
demonstrates that low-speed streaks are the sites at which the ejections at the wall
occur.

2.2.2 EJECTIONS

The quadrant technique (Wallace et al (1972), see Fig 2.2) can be used to define
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and identify ejections and sweeps, which are contributors to the positive Reynolds
shear stress, -pu'v'.

Any motion which instantaneously occupies the second quadrant (-u', +v') can
be described as an ejection.

This definition may be open to criticism on the

grounds that an instantaneous 2nd quadrant motion at a given point need not
necessarily correspond to a ‘coherent’ motion (ie. a significant volume of fluid
moving essentially as one). For instance, Wallace et al (1972) use a short-time
averaged streamwise velocity to detect ‘ejections’ from a reference frame moving
with a larger, enveloping mass of fluid. However, the current definition is the
most common, and is used here to avoid the arbitrariness of floating averages, and
to maintain a strong connection to the Reynolds shear stress.

Quadrant 2 u'v' motions occur throughout the boundary layer, so ejections as
defined here are not confined to the near-wall region. However, ‘lifted’ low-speed
streaks occur in the buffer region and are, by definition (low-speed fluid moving
outward), ejection motions.

Thus ‘lifted low-speed streaks’ are considered a

subset of ‘ejections’.

Ejection motions are at the heart of the bursting process, as described by Kim et
al (1971), and are known to be the major contributor to -u ’v' in the region
beyond y+=12 (Willmarth & Lu (1972); Kim, Moin & Moser (1987)). Ejections
are known to occur intermittently when observed from a stationary frame of
reference, but the literature has been unclear about whether ejections are
intermittent in both space and time.

2.2.3 SWEEPS

Continuity requires a net wallward flow to balance the fluid mass pumped outward
during ejections. Due to the mean shear in the boundary layer, wallward flow
tends to take the form of high-speed fluid descending into lower-speed fluid.
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Therefore, a sweep is defined as any instantaneous motion which occupies the
fourth (+u‘, -v ) quadrant of the u', v' plane (see Fig 2.2).

Since near-wall fluid markers accumulate in low-speed regions, leaving the high
speed fluid relatively invisible, the character o f low-speed fluid ejections is better
known than that o f high-speed sweeps. The earliest description of a sweep as a
coherent motion is found in Corino & Brodkey (1969), who observed a relatively
large-scale front-like motion which ‘swept’ away near-wall ejection activity. The
fluid of the sweep was observed to move downstream at approximately the local
mean stream velocity (u = 0) and thus Corino & Brodkey’s sweep motions were
not direct contributors to the Reynolds shear stress.

Grass (1967), however, described ‘inrushes’ of wallward-moving fluid which made
high contributions to the -u'v' in the near-wall region.

His inrushes were

described as being of smaller scale and possessing stronger -v ' than Corino and
Brodkey’s sweeps.

In keeping with the general spirit of the terms employed by Corino and by Grass,
the term ‘inrush’ will be reserved for quadrant 4 motions with a significant
wallward (v ) component.

Thus ‘inrushes’ will be considered a subset of

‘sweeps’. The distinction between the two motions is arbitrary, but nevertheless
qualitatively useful for understanding the interactions between the inner and outer
layers.

Sweep motions are the dominant contributor to -u'v' in the region y4-<12
(Willmarth & Lu (1972); Kim, Moin, Moser (1987)), even though the vertical
velocity component is severely constrained by the presence o f the wall. Thus,
near the wall, the Reynolds shear stress is due largely to locally high-speed regions
with a slightly wallward component.

As early as 1967 at UCL, Grass (1967) undertook an experimental study of
boundary layer turbulence in open channel flow with different boundary roughness
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conditions. From his work, it was concluded that ejection and sweep events were
present irrespective of surface roughness conditions.

2.2.4 VORTICAL STRUCTURES

A vortical structure is defined as an instantaneous vortex, generally forming a
complex three-dimensional shape. This is in contrast to the occasional usage of
'vortical structure’ in the literature, to describe any region with locally
concentrated vorticity. The difference between the two usages o f the term arises
from the need to distinguish between vortices and vorticity. A vortical element
is defined as a vortex with a single dominant orientation.

Although there is a virtual consensus that vortical structure plays a key, and
possibly central role in the production o f boundary layer turbulence, several
different forms of vortical structures have been postulated in the literature
(hairpins, horseshoes, streamwise vortices, rings), and limited quantitative evidence
exists to support any one of the concepts.

An experimental investigation was performed by Stuart (1984) into the three
dimensional instantaneous characteristics o f a turbulent boundary layer flow in a
rough surface open channel. In this study, a ‘K-type’ roughness was used. The
experimental method was based upon the quantitative analysis of high-speed
photographic visualisation of the flow.

The visualisation method utilised a

hydrogen bubble technique, with the flow tracers organised into a two-dimensional
grid pattern concentrated transversely into the main flow direction. The tracer grid
therefore swept out a three-dimensional block o f fluid as it convected with the
flow, and was photographed through a dual image mirror system to allow the three
orthogonal velocity components to be resolved.

The results of this study showed repeated evidence o f the presence o f distinct
vortex structures within the flow. In the near wall region, evidence was found
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tending to quantitatively confirm the presence of the lifted vortex loop structures
inferred from previous anemometer measurements and qualitative visualisations.

In view of our extended knowledge of coherent structures in flow over smooth
boundaries obtained from numerical analysis in recent years, the results o f Stuart’s
(1984) study were re-examined by Grass, Stuart and Mansour-Tehrani (1991). The
similarities between the vortical structures mapped out by vorticity lines, examples
o f which are given in Fig 2.3, and the results obtained by Moin & Kim (1985)
using a numerically obtained flow field over a smooth boundary (see Fig 1.6) were
striking. From the systematic examination o f the vorticity field obtained by Stuart
(1984) some evidence of the increase in size o f the structures with the increasing
wall distance was found. This is consistent with Townsend’s (1976) attached-eddy
hypothesis and Perry & Chong’s (1982) eddy hierarchy model based on
Townsend’s concept.

Fig 2.4, taken from Grass et al’s (1991) paper, also clearly demonstrates the
existence of identical flow structure for rough boundaries as exists for smooth.
Fig 2.4a, taken from Robinson et al’s (1989) numerical simulation o f smooth wall
boundary layer, is the instantaneous velocity field depicting a shear layer roll-up
with section through a transverse vortex. Fig 2.4b, is the instantaneous velocity
field obtained by Stuart for a rough boundary flow.

The detailed matching

between these two field patterns is quite remarkable, with the velocity vectors
surrounding the roll-up vortex head and the upstream stagnation point closely
reproduced.

2.2.5 NEAR-WALL SHEAR LAYERS

The existence of sloping +9u '/9y shear layers near the wall (y+ <80) in turbulent
channels and boundary layers has long been established both by flow-visualisation
studies (eg Kline et al (1967); Corino & Brodkey (1969)) and by probe-based
investigations (eg Brown & Thomas (1977); Kreplin & Eckelmann (1979)).
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Bogard & Tiederman (1986) have shown that such shear layers can occur on the
upstream face of ejections from the buffer region, at the interface between the
lifting low-speed fluid and the higher-speed fluid overtaking it from behind.

Although their existence was experimentally established, it remained for numerical
simulations to demonstrate just how pervasive near wall shear layers are in wallbounded flows. In a recent investigation of numerically simulated channel flows,
Jimenez et al (1987) proposed a mechanism for the generation and maintenance
of the shear layers which is essentially equivalent to that responsible for the
instability of two-dimensional Tollmien-Schlichting waves. Additional recent work
on near-wall shear layers in numerically simulated turbulent flows has been
reported by Alfredsson et al (1988). These authors found that shear layers in the
near-wall region propagate with a velocity of about 10.6U^, retain their coherence
over streamwise distances of up to 1000 viscous lengths, and commonly occur on
the upstream side o f a spanwise kink in a low-speed streak.

2.2.6 POCKETS

When distributed markers are introduced into the sublayer o f a turbulent boundary
layer or channel, roughly circular regions devoid o f marked fluid appear in the
plan view.

These have been called pockets and give the visual impression of

being a ‘footprint’ of some outer structure that induces fluid toward the wall. The
most extensive description of the ‘pocket flow module’ is given by Falco (1982),
who attributes pocket formation to the impingement o f a ring-shaped eddy upon
the viscous sublayer.

Falco describes the temporal evolution of such an

interaction, and relates most of the observed features o f near-wall turbulence
structure to the pocket, including ejections, sweeps, near-wall shear layers, and
hairpin vortices.

Although the existence of pockets and their proximity to regions of turbulence
production in the buffer region are well-documented by experiment, the question
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of whether pockets are primarily a cause or an effect o f turbulence activity
remains controversial.

2.2.7 LARGE-SCALE MOTIONS AND BULGES

The instantaneous interface between the turbulent boundary layer and the
irrotadonal free stream consists of large-scale bulges, separated by deep, narrow
incursions of ffee-stream flow into the layer (eg. Kovasznay et al (1970)). The
interfacial bulges exhibit streamwise and spanwise length scales o f the order o f the
boundary layer thickness. The large-scale motions beneath bulges in the boundary
layer show a weak rotation in the direction o f the mean shear, when observed from
a frame of reference moving with the large-scale motions (see Blackwelder &
Kovasznay (1972); Falco (1977); Thomas & Bull (1983)).

2.28 BACKS OF LARGE-SCALE MOTIONS

The most evident and well-documented of the outer-region structural features of
the turbulent boundary layer is the upstream side, or ‘back’ of the large-scale
motions. Flow visualisation and multi-point hot-wire anemometry have established
that backs span most of the boundary layer, travel downstream at a 12° to 30°
angle from the wall, and consist of a sharp spacial discontinuity in the streamwise
velocity (eg. Kovasznay et al (1970); Falco (1977); Brown & Thomas (1983)).
The back is effectively a shear layer formed where high-speed fluid impinges upon
the relatively slower fluid on the upstream face o f the large-scale motion.

Backs are defined as large-scale structures with spacing in the streamwise direction
of the order of the boundary layer thickness, and which presumably scale with
outer variables (U^ and 6). Near-wall shear layers exist generally below y+ = 80
with dimensions and spacing that would be expected to scale with wall variables
(U^, and v). It is not clear from the literature whether the size and spacing of
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these shear layer structures is distributed smoothly from small to large, or if there
is a bimodal distribution, suggesting two different types o f structure.

Recent

statistical analysis of simulated turbulence by Adrian et al (1987) has shown some
evidence for a ‘two-layer’ structural make-up o f a low Reynolds number channel.

2.3 LINK BETWEEN VORTICAL STRUCTURES AND LOW SPEED
STREAKS

Turbulence production via the process o f ‘bursting’ has been observed to be
closely linked with the low-speed streak regions. Kline et al (1967) suggested that
"low-speed streaks constitute a universal feature o f bounded shear flows and that
the presence of streaks is a sufficient condition for establishing whether a given
boundary layer flow is turbulent".

From the evidence mainly obtained from investigation of smooth wall boundary
layer flows (as discussed in chapter 1), it is generally accepted that the central
element of turbulence generation process in shear flows is a horseshoe or a
hairpin-type vortical structure. Since Theodorsen’s conjecture, several different
models have been proposed with such vortical structures as their central elements
to explain the dynamics of boundary layer turbulence (Willmarth & Tu (1967);
Offen & Khne (1975); Head & Bandyopadhyay (1981); Perry & Chong (1982);
Smith & Walker (1990)). These models generally represent speculative hypotheses
which attempt to explain and link the observed flow structures (such as low-speed
streaks and bursting) to the dynamic behaviour o f the proposed vortical stracture.

Robinson (1991) however, from the results obtained from his extensive analysis
of a numerical simulation database, concluded that the low-speed streaks are
formed from the interaction of quasi-streamwise vortical elements with the near
wall flow. He observed that the low-speed streaks are formed on the upwardrotating side of the vortex and the high-speed fluid formed on the opposite side.
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Evidence of this can be seen in Fig 1.7.

It has not been possible to obtain evidence o f such a detailed interaction in a
turbulent boundary layer experimentally.

However in supportive experimental

studies (eg. Acarlar & Smith (1987); Smith et al (1990)) the interaction o f hairpin
vortices and the near-waU flow has been examined. In these experimental studies,
controlled hairpin vortices were created in an otherwise laminar boundary layer by
a process of fluid injection at the wall. In all the tests it was discovered that the
passage of the hairpin vortices produced low-speed streaks near the wall. It was
also observed that the spanwise location of the low-speed streaks at the bed
directly related to the upward-rotating side o f the passing hairpin vortices.

These studies, and similar numerical studies carried out by Hon & Walker (1991),
not only demonstrated the connection between formation of the streaks with the
passage of a hairpin vortex, but also provided evidence o f the ejection of the lowspeed streaks and the regeneration of a secondary hairpin vortex (depending on the
strength of the primary vortex).

The numerical study mentioned above also

demonstrated that the interaction of the ‘primary* hairpin vortex with the
background shear flow, results in the evolution o f subsidiary vortices in the
spanwise direction, therefore facilitating the spanwise growth o f wall turbulence.

In view of the evidence. Smith & Walker (1990) proposed a conceptual model of
wall turbulence. The general premise o f the model is that a hairpin vortex in
turbulent boundary layer propagation takes two forms (see Fig 2.5a): i) lateral
spreading by inviscid deformation of the vortex line within the background shear
flow, resulting in the development of subsidiary vortices; and ii) streamwise
growth and regeneration of additional hairpin vortices by means o f viscousinviscid interaction provoked by the initial hairpin with the flow near the surface,
creating a low-speed streak and subsequent eruption o f the streak, which in turn
roll up to form secondary vortices. Smith et al (1991) argue that the same process
applies to symmetrical as well as unsymmetrical vortices. Fig 2.5b illustrates the
formation process of a secondary vortex from an unsymmetrical primary vortex.
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The visualisations o f Head & Bandyopadhyay (1981) reproduced in Fig 2.6 clearly
demonstrate that the average spacing of the low-speed streaks (A,^=100) directly
represents the spanwise scale of the vortical structures present near the boundary.
The model proposed by Perry & Chong (1982) and modified by Perry et al (1987)
similarly postulates that the wall turbulence consists o f a ‘forest’ o f hairpin or
horseshoe vortices, with the spanwise scale of 100 corresponding to the mean
streak spacing.

There is therefore a strong argument that the formation o f low-speed streaks is
directly linked to the hairpin vortical structure and plays an important part in the
dynamics of the turbulent shear flow. The spacing o f the low-speed streaks is also
an indication of the size of the vortical stmctures involved, and hence the spanwise
scale of the bursting events. Further information about the scaling mechanism of
the low-speed streaks for rough boundary flows, such as that obtained in the
present study, will enable models such as Perry & Chong’s (1982) to be enhanced
and modified to simulate diverse changes in boundary conditions.

2.4 SUMMARY

This brief summary of the major known boundary layer structural features
illuminates the wide variety of coherent motions that have been studied in order
to better understand turbulence physics. A more detailed discussion is presented
by Robinson et al (1989).

As discussed, this examination of previous studies o f coherent structures over
rough boundaries provides evidence of some interesting similarities between the
stmctural form of these features and that of those encountered in smooth boundary
layer turbulence.

To add to our knowledge of coherent structures over rough

boundaries, this study sets out to examine just one o f these structural features, the
low-speed streaks which are strongly connected to the bursting phenomenon, in
further detail.
57

The average spacing of the low-speed streak

» 100) has been an important

discovery for smooth boundary flows and has been used in conceptual modelling
o f coherent structures. Closer study of low-speed streaks will provide invaluable
information about the scaling of these structures in relation to the roughness size.
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Fig 2.1

Example of low-speed streak distribution at y+ = 15 obtained in a
numerical simulation of smooth wall boundary layer (Robinson et al
(1989))
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Fig 2.3

(d)

Multiple vortex-line plots delineating vortical structures in a fully
rough boundary layer. (Grass, Stuart Mansour-Tehrani (1991))
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Fig 2.4

Examples of shear layer roll-up with section through transverse vortex
(Grass Stuart and Mansour-Tehrani (1991)) a) Numerical simulation
of smooth wall boundary layer (Robinson et al( 1989)) b) Fully rough
boundary layer; experimentally obtained data (Stuart(1984))
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Primary Hairpin

Subsidiary
Hairpin
Low-Speed Streaks
Created by Viscous
Interaction

Secondary
Hairpins

Fig 2.5 a)

Fig 2.5 b)

Proposed model of generation of secondary and subsidiary vortices.
(Smith & Walker (1990))

Formation of secondary vortex via surface interaction for an
unsymmetric vortex. The sequence illustrates the ejection of a lowspeed streak and its subsequent roll up to form a secondary vortex
(Smith et al (1991))
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Fig 2.6

Sections of turbulent boundary layers with the 45“ downstream plane
of illumination and the scale of lOOv/U^ indicated for different
Reynolds numbers (Head & Bandyopadhyay (1981))
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CHAPTER 3
THEORY

3.1 INTRODUCTION

The subject o f turbulence and in particular o f turbulent boundary layers is a
complex topic which has been studied using many diverse approaches. In chapter
1 a background to these studies is given, while more detailed theoretical treatments
o f turbulence can be found in numerous textbooks, including Townsend (1976) and
Schlichting (1979).

The theory presented in this chapter is confined to covering the area o f turbulent
flow analysis which is relevant to the present study o f fully-developed open
channel flow. Hence there is some discussion of the influence o f roughness on the
turbulent boundary layer in section 3.3.

A more detailed examination o f the

coherent structures in turbulent boundary layers has been given in chapter 2.

3.2 BOUNDARY LAYER TURBULENCE

The governing equations of fluid motion are the Navier-Stokes equations, derived
from Newton’s second law and applied to the motions o f fluid particles. Newton’s
second law states that the product of mass and acceleration is equal to the sum of
the external forces acting on the body. In fluid motion, however, it is necessary
to consider two classes of forces acting on the body:

firstly the gravitational

forces acting throughout its mass, and secondly the forces of pressure and friction
acting upon its boundary. The boundary forces are dependent on the rate at which
the fluid is strained by the velocity field. The relationship between stress and the
rate of strain can be assumed to be linear for the case o f isotropic Newtonian fluid.
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As all gases and most liquids, particularly water, belong to this category (ie. the
fluid obeying the Stokes’ law of friction), it is a reasonable restriction to impose.
For this case, the full derivation of the equations is given in Schlichting (1979)
and the equations are stated below in tensor suffix for convenience o f presentation.

(dUj/dt)=(8u/9t)4-Uj(9ui/9xj)=(-l/p)(9P/9xj)+W^ + v V \

3.1

For a two-dimensional flow in terms of the co-ordinate system illustrated in Fig
3.1, equation 3.1 can be re-written;

(9u/9t)4-u(9u/9x)4-v(9u/9y)=(-l/p)(9P/9x)4-W^ +vV^u

3.2

(9v/9t)4-u(9v/9x)4-v(9v/9y)=(-l/p)(9P/9y)+Wy +vV ^

3.3

where the symbol V^, denotes Laplacian operator.

In the same notation the

continuity equation for a two-dimensional incompressible flow is given as;

(9u/9x)-k(9v/9y)=0

3.4

The Reynolds equations are obtained from the Navier-Stokes equations by
expressing the velocity components in terms o f a mean and a fluctuation
component For the case of uniform (ie; (9/9x)=0, V=0), steady (ie; (9/9t)=0) and
two-dimensional open channel flows, the Reynolds equation in terms o f the co
ordinate system illustrated in Fig 3.1 are given below;

9(üV')/9y = (-l/p)(9P/ax)+

+ vO^U/9y^)

d(ÿ^)/Sy = (-l/p)0P/3y)+Wy

3.5

3.6 ;

and Wy are the body forces per unit mass acting on the fluid (see Fig 3.1).
Expressing Wy in terms of the fluid density p, and the gravity acceleration g, the
equation

can be integrated to obtain the following:
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?

p = pg(D-y)cosy + pv

3.6

This equation gives the pressure distribution; the first term o f the right hand side
is the hydrostatic pressure and the second term indicates the contribution of
turbulence to the mean pressure P. By substituting P from 3.6 into equation 3.5
and similarly replacing

T=

and integrating, the following result is obtained;

-pu'v' +p(9U/9y) = pgD(siny-(cosy(9D/9x))(l-(y/D))

where x is the total shear stress at a distance y from the bed.

3.7

In the case of

steady flow where the depth o f flow, D, stays constant 9lV9x =0 the quantity,
(sinY-cosy(9D/9x)); which denotes the hydraulic energy gradient can be reduced
to siny which indicates the channel bed slope. The maximum shear stress occurs
at the bed y=0 which is known as the bed shear stress, Tq, where;

Xq = pgD siny

3.8

Therefore, by substituting this in equation 3.7, the shear stress can be expressed
as;

X = X o ( l - ( y /D ) )

3.9

The terms on the left hand side of equation 3.7 represent the two contributory
components to the shear stress.

The viscous stress component, p (dU/dy),

represents the stress due to molecular transfer o f momentum across planes parallel
to the bed.

The term

-pu'v', represents the turbulent Reynolds stress which

arises firom the transfer of momentum across internal fluid surfaces due to the
mixing action of the turbulence across the shear layer. The viscous stress is only
significant near the boundary and the Reynolds stress is the major contributory
factor to the shear stress, especially further out into the flow. The work done by
the mean flow to shear the fluid against the action o f the turbulent Reynolds stress.
which can be expressed locally as

-pu'v'(dU/dy), is the primary source of
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energy required to sustain the processes o f turbulent generation. It is evident that
Reynolds stress is entirely dependent on the property o f the individual flow.

As the total effective shear stress, x, away from the wall is practically equal to the
Reynolds stress for most o f the flow, equation 3.9 gives an approximate but direct
relationship between x, bed shear stress, and Reynolds stress. Therefore, the bed
shear stress is an important parameter in the scaling o f turbulent flow, and can be
expressed in terms of a bed shear velocity, Ux, as follows;

U, = (x</p)'«

3.10

Bed shear velocity, U.^, is not a physically real velocity, but represents a
characteristic velocity scale for the mean flow and the turbulent motion. Thus it
possesses wide ranging application in the scaling o f experimental turbulence data.

If the relationship between the stress and the rate o f strain within the flow was
known, it would be possible to determine the distribution o f the mean velocity
within the channel.

As this relationship is unknown, however, it is necessary

instead to resort to physical and dimensional reasoning in order to obtain further
equations and effect the closure of the Navier-Stokes equations.

One notable

example of this approach is the mixing length theory o f Prandtl (1926), analogous
to the kinetic theory of gases, but unfortunately founded on some basic
assumptions which tend to be physically unrealistic.

A more physically convincing approach can, however, be employed, using
arguments based upon dimensional reasoning, flow similarity and scaling
arguments. An essential aspect of the study of turbulence is the determination of
the scales of length, time, and hence velocity, which govern the turbulent motion.
By using simple physical reasoning, the basic upper and lower limits on the scale
o f the turbulent motions in a boundary layer can be determined. Obviously, since
no turbulent motion can extend beyond the boundaries o f the fluid mass itself, an
upper limit on the scale of turbulence is imposed by the physical dimensions of
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the flow conduit within which the fluid is contained. At the opposite extreme, a
lower limit is imposed by the molecular diffusion effect o f viscosity.

Townsend’s (1976) ‘Principle o f Reynolds Number Similarity’ essentially states
that for geometrically similar turbulent flows, the large scale and structure o f the
turbulence is dynamically similar, provided that the Reynolds number is
sufficiently high for the flow to be fully turbulent. It is true that in a limited
region of the flow immediately adjacent to a solid boundary, viscosity will
inevitably have a dominant effect which will be Reynolds number dependent.
Townsend (1976) however, makes the point that, providing the influence o f the
wall on the outer flow is limited to the transfer o f shear stress from the wall, then
the relative motion in the fully turbulent region of the flow depends only on the
wall stresses (irrespective of how they are generated) and on the flow conduit
geometry.

For simple flow geometries, it can therefore be deduced that the

properties of the turbulent motion at a point in space and time are generally
determined by local environmental conditions. In the general case, it is necessary
to qualify the latter statement by specifying that the time scales o f the turbulent
motion must be small compared to the time scale o f any environmental change
such as boundary layer growth. Tennekes and Lumley (1972) point out however,
that for flows in parallel-walled conduits (eg pipes and channels), boundary layer
growth is limited by the geometry of the conduit.

Such a flow, providing the

conduit is long enough, therefore achieves a fully-developed condition, after which
the velocity distribution becomes independent of the downstream displacement
distance. The present study was performed in a fully developed, constant depth
open channel flow - so non-linear effects due to boundary layer growth are not
directly relevant.

The appropriate environmental conditions which control and scale the larger scale
stmctures of turbulence in the outer flow regions, therefore, consist o f the flow
geometry, characterised in the case of a wide open channel flow by the depth, D,
and the wall shear stress which provides the energy to sustain the turbulence
generation process.

The wall shear is usually defined in terms of the shear
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velocity, U t.

A useful method o f emphasising the relevance of the above parameters is to adopt
the point of view o f an observer travelling along at the translation velocity of the
flow. For an open channel flow, the translation velocity is taken as the maximum
velocity, Um, which occurs at the surface. The hypothetical observer thus sees the
situation as a stationary flow subjected to the influence o f a moving wall shearing
past the flow. The shear stress imposed upon the flow by this moving wall is the
only means whereby energy is input to the flow, showing that the translation
velocity o f the flow itself does not influence the turbulence process, except in so
far as it determines the wall shear stress.

The flow boundary layer appears to the observer as a velocity defect profile
caused by the moving wall ‘dragging’ fluid along with it in a negative direction.
At a given distance from the wall, y, the velocity defect, U-U^^, is thus dependent
only upon the bed shear. This can be written as follows:

U -

= U, f(y/D)

3.11

It is more commonly written in the form shown in equation 3.12 below and
referred to as the ‘velocity defect law’.

(U - U J /U , = f(y/D)

3.12

An important point to be derived from the above arguments is that the large scale
turbulence in the outer region of the flow (ie. away from direct wall influence)
detects only the wall shear stress, without making a distinction as to how this
stress was generated.

The velocity defect law described above applies to the outer region of a turbulent
flow, where the nature of the wall does not impose any direct effect upon the
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flow. Physical reasoning however, supported by experimentation, shows that, as
the wall is approached, the characteristics of the wall boundary condition will
inevitably impose a significant effect upon the flow. Townsend (1976) describes
a region adjacent to the wall within which the total shear stress is nearly constant,
and whose motion is determined to a great extent by the shear stress and by the
nature of the wall.

In this near-wall region, then, the presence o f the wall imposes physical constraints
upon the scale o f the turbulence. At a given wall distance, y, the length scale of
typical turbulent eddies within the wall region will be of a maximum order of
magnitude

y. As a result, the turbulent structure in this region will become

independent of the outer region length scale, D, and will be determined by local
parameters. Townsend (1976) refers to this argument as the ‘Principle of Wall
Similarity’.

He also mentions the effect of turbulent flow in reducing the mean velocity
gradients in the region close to the wall, giving rise to the comparatively small
variation in the shear stress across this wall layer or inner layer. In this wall layer,
sometimes described as the constant stress layer, the shear stress can be closely
equated to the wall stress.

The wall zone also forms the principle source of

turbulent energy production expressed by -pu'v'(9U/9y) where -pu'v' is the
Reynolds stress and 9U/9y is the mean velocity gradient.

In the case of a smooth wall, the localised environmental factors acting upon the
flow field are the waU shear stress characterised by the shear velocity, U^, the
kinematic viscosity, v, and the wall distance, y.

The wall distance can be

expressed in the non-dimensional form, y"^, where:

y"^ =

yN

3.13

Since in the wall region, the principle o f wall similarity states that the flow is
independent o f the outer flow parameters, the flow close to a smooth wall can only
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^

be dependent upon the wall shear and the wall distance, giving rise to the
following relationships:

U/U^ = f ( y+ )

3.14

which is known as the ‘law of the wall'.

In the region very close to a smooth wall, extending out to a y"^ value of
approximately 6, there is a layer known as the viscous sublayer, where the viscous
stresses are totally dominant and Reynolds stresses are negligible. In this region,
integration of the viscous shear stress with respect to y yields the following
relationship:

U/U^ = U^y/v

3.15

This viscous sublayer was at one time described as the laminar sub-layer, but work
for example by Kline et al (1967) and Grass (1971) revealed the existence o f what
has been termed a ‘streaky structure’ within the sublayer.

The non-laminar

properties displayed by this structure consequently led to the revised description
o f the layer.

In summary, therefore, two basic regions of a turbulent boundary layer can now
be identified. These are, firstly, the outer region, described by the velocity defect
law and scaling on the flow depth, D; and secondly, the wall region described by
the law of the wall and scaling on a viscous length scale, v/U^. At low Reynolds
numbers these scales would tend to converge to a similar magnitude, but in the
much more general case o f high Reynolds number flows, a situation will exist
where the wall and outer regions of the flow respectively, will scale on parameters
of significantly differing magnitudes. Physical common sense suggests that there
can be no sharp dividing line within the flow, where one law abruptly ceases and
another begins, and therefore it must be deduced that there is an overlap region
where neither law dominates, but both laws and their respective scales have a
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simultaneous influence upon the flow field. This overlap region is known as the
logarithmic region due to the characteristics o f the mean velocity profile in this
region, although Tennekes and Lumley (1972) refer to it alternatively as the
‘inertial sublayer’.

Townsend (1976) uses a very thorough and rigorous argument, based on wall
similarity and the balance between production and dissipation o f turbulent energy,
to derive the velocity distribution in the logarithmic region. His arguments are
quite complex, however, and are best followed by studying his original text. A
simpler, though less physically rigorous method o f deriving the same result is to
consider the simultaneous application of the outer flow defect law and the inner
law o f the wall. This procedure, described by Clauser (1956), is outlined below.

Simultaneous application o f equations 3.12 and 3.14 means rewriting them as
follows:

U =

+ a

f(y/D)

3.16

and

U = U^ f,(U,y/v)

3.17

The simultaneous solution o f these equations involves an equivalence between a
multiplicative and an additive term. Clauser therefore observed that a logarithmic
function would be necessary to effect a solution ie.

U - U ^ ^ = A ln(y/D) + Q

3.18

UAJ^ = A In(yU ^ ) + C

3.19

and

In the latter equation, applying to the wall layer, the constant. A, is conventionally
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expressed

as 1/K, where K is Karman's constant

The other dimensionless

constant, C, defines the velocity slip in the viscous sublayer immediately adjacent
to the boundary. C can be expressed as:

C = -1/K In(yoUyv)

3.20

where yg is a characteristic length scale, which for a smooth boundary is
proportional to the viscous length scale. Equation 3.19 therefore becomes:

U/U, = 1/K ln(y/yo)

3.21

From experimental results the constant of proportionality for the yp in the smooth
wall flow has been found to be 1/9, therefore;

yo = (V/9U,)

3.22

3.3 THE EFFECT OF A ROUGH BOUNDARY

The existence of a rough boundary imposes a further influence on the flow in the
wall region. In physical terms, the projection o f elements o f roughness into the
flow gives rise to form and pressure drag effects. This creates another mechanism
by which the boundary shear stress can be transmitted to the flow. The flow in
the wall layer therefore becomes a function also o f the non-dimensional parameter
y/k, where k is the mean roughness element height.

The ratio of the non-

dimensional viscous parameter yU^ /v to y/k is the roughness Reynolds number,
Rk, where:
Rk = kUyv

3.23

Depending on the shape and the density o f the roughness elements, however, the
effect o f the rough wall is altered. The average height o f the roughness elements,
k, alone is not sufficient to represent a rough bed.
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It is useful, therefore, to

introduce the concept of equivalent sand roughness (k^), which enables the
arrangement of all rough beds on a single ‘standard roughness’ scale.

This

‘standard roughness’ has been based on Nikuradse’s sand roughness because it has
been investigated in a large range of Reynolds numbers (Nikuradse (1933)). The
equivalent sand roughness for any given rough bed is that which produces the
same coefficient of resistance. Examples of equivalent sand roughness values for
different roughness configurations are given by Schlichting (1979) - eg; for the
most densely packed spherical roughness elements o f 4.1mm diameter, (k/k)=0.63.
The roughness Reynolds number, Rj^, (using the equivalent sand roughness k^ as
the roughness dimension) can be used to define three separate roughness
conditions:

a) Rjts < 5

The roughness elements are submerged in the viscous sublayer. The

flow is therefore unable to ‘feel’ any roughness effect and the boundary is
therefore hydraulically smooth. In this condition the coefficient of resistance, F,
only depends on the Reynolds number of the flow (UD/v).

b) 5 < R^ < 70

Over this range, a transition state exists, where viscous shear

stress and roughness form drag both contribute to the transmission of bed shear
stress.

In comparison with the hydrodynamically smooth case, the roughness

protrusions partly extend outside the sublayer creating additional resistance,
F - ( UD/v, ly D ).

c) Rj^ > 70

Viscous effects are totally dominated by roughness form drag, and

the boundary is fully rough. In this case therefore, the coefficient of resistance is
only a function o f k /D .

For fully rough conditions, equation 3.13 becomes:

U = U, f(y/k,)

Hence equation 3.19 becomes:
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3.24

U/U, = A ln(y/k,) + B

3.25

Similarly to the smooth boundary case, the constant A is equal to 1/K:

U/U, = 1/K ln(y/k,) + B

3.26

The ‘velocity slip’ parameter, B, can be written as follows:

B = -1/K InCyo/k^)

3.27

where yg is a length scale characteristic of the roughness. Equation 3.25 therefore
becomes:

U/U^ = 1/K ln(y/yo)

3.28

The roughness length scale, yo, is very highly dependent on the size, shape, size
distribution and packing density of the roughness elements. The effect o f yg is to
introduce a displacement of the origin of the logarithmic velocity profile, which
provides a means of experimentally determining its value. For sand roughness,
Nikuradse (1933) derived the following relationship for fully rough conditions:

yo = k /3 0

3.29

It is possible to represent the velocity function U/U^, for all the roughness
conditions (hydrodynamically smooth, transitionally rough and fully rough) with
the equation 3.26, where B assumes different values for the three different
roughness conditions discussed. Fig 3.2, taken from Schlichting (1979), illustrates
the variation in B value as a function of k^Uyv. From equations 3.21 and 3.22
it can be deduced that in the case of hydrodynamically smooth walls;

B = 5.5 + (1/K) In (k ,U ^ )
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3.30

and from equations 3.27 and 3.29 in the fully rough region, when K=0.4;

B = 8.5

3.31

From Fig 3.2 it can be seen that in the transitionally rough region the data falls
on a single function.

It is clear that in this region the length scale, yg, is a

function of both viscous length scale and of the roughness size.

Colebrook &

White (1939) suggested that in the transitionally rough case, yg can be represented
as a linear combination of v/U^ and kg/30, (ie yg =( v/9U^ + kg/30 )).

This

simple relationship results in good approximations to the experimentally obtained
data.
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Curve(l): Hydrodynamically smooth,equ(3.30)
Curve (2): B=8.5 completely rough
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CHAPTER 4
EXPERIMENTAL APPARATUS

4.1 THE FLOW CHANNEL

4.1.1 GENERAL DESCRIPTION

The experimental work for this study was carried out in a recirculating water
channel 0.495 m wide, 6.2 m long and 0.3 m deep which had been utilised for a
similar study by Stuart (1984).

The channel was specifically designed to be

independent of the general laboratory water supply (drawn from a common sump),
in order that close control could be maintained over the quality and cleanliness of
the water - which is an important factor in the quality o f hydrogen bubble
production. The experimental channel is shown in Fig 4.1.

The water was recirculated from the 3m^ outlet tank by a 17.5 H.P. electric pump,
passed via a control valve to the 0.85 m^ capacity constant head tank. In the
constant head tank, the water level was maintained at a constant level with the aid
of an adjustable weir controlled with a float which, in turn, responded to tiny
changes in the water level. The general arrangement is illustrated in Fig 4.2. The
water for the channel was drawn from the constant head tank, passing through an
orifice plate flow meter and a control valve into the inlet tank. The supply into
the inlet tank was channelled through a perforated T-shaped pipe system to avoid
the development o f any unnecessary turbulence. The water in the inlet tank was
passed through a 20 micron size sheet of nylon filter cloth, and a 45 mm thick
sheet of rubberised horsehair matting which damped the larger turbulent motions.
The water then entered the channel through an inlet fairing, designed to produce
very low inlet turbulent levels.
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The channel, measuring the dimensions stated above, was made o f a plywood bed
and glass plate sidewalls.

Built onto a substantial cast iron structure, it was

supported on a pivot at the inlet end and a scissor jack near the outlet end. Thus
the slope of the channel was adjustable, and in view o f this, the connection
between the inlet tank and the channel was made o f a flexible rubber joint faired
over by sliding brass plates. The water depth in the channel was controlled by an
adjustable weir at the downstream end. The weir was able to slide vertically,
controlled by a rack and pinion mechanism operated by a hand wheel.

An

inclined flat plate was provided for the calm entry o f water into the storage tank
to avoid air entrapment.

4.1.2 THE LEVELLING OF THE CHANNEL BED

The original marine ply bed was found to be insufficiently plane and level. For
the purposes of this study, furthermore, it was necessary to use a transparent bed
with access from underneath to provide lighting for the hydrogen bubble tracer
line. Consequently, a 3/8" thick, 3 metre long glass plate bed was introduced, 7
cm above the plywood level at the inlet end o f the channel and supported on 16
fixed circular pillars. Using a theodolite, the relative vertical distance between
each support position was obtained and each support was made to compensate for
the unevenness of the original plywood bed.

This ensured that the glass plate

which was placed on these supports offered a very much improved flat surface.
A specially designed leading edge was also provided for the glass plate, in order
to avoid the flow separation which could have occurred at the rectangular edge of
the glass. In Fig 4.3 the channel is photographed from the side with the new glass
plate bed and its supporting pillars clearly visible.

4.2 BED ROUGHNESS

In this study four different bed roughnesses were considered. As it was desirable
78

to compare the flow visualisation results for each different case in relation to the
roughness size, it was decided to make three o f the rough beds from the same
shape of roughness elements. This meant that direct comparison could be made
between these tests without the uncertainty and the complication o f different shape
factors.

A single layer of spherical roughness elements was used to form the

similar rough beds. However, in order to show that the results obtained from
these visualisation experiments are not only a phenomenon occurring in the case of
spherical roughness elements, but apply instead to rough beds in general, the
fourth rough bed was made of single layer o f 9 mm pebbles. A typical plan view
o f each rough bed is shown in Fig 4.4.

The smallest roughness (k l) was formed using balletini with an average diameter
o f 1.15mm. This average was obtained by measuring a sample of 150 elements
with a standard deviation of 0.12mm. Even with the slowest flow rate, however,
the elements for this small roughness size, were lifted by the current. To avoid
having a mobile bed it was therefore necessary to stick the roughness elements
down. In order to be able to place the roughness in and out o f the channel it was
necessary to stick the balletini on separate plates to be placed on top o f the glass
bed of the channel.

Sticking them down was a difficult process as the glue had to be in a very thin
layer in order not to engulf the elements and to enable the bed to be formed from
only one layer of roughness elements.

For practical reasons, three separate

roughness plates had to be prepared, each using a 5mm thick glass plate with the
same width as the channel and 66 cm long. Each plate was made with square and
flat edges, so that they then would sit against each other perfectly without a gap,
forming a continuous rough bed. The plates were covered with a thin layer of
‘Araldite’ on top of which the 1.15mm spherical balletini were gently sprinkled.
When the glue had hardened, the excess balletini were shaken off. In places where
some of the roughness elements were on top o f the first layer, the proud balletini
were carefully picked off. Producing the three roughness plates evenly covered
with a single layer of roughness elements took some time to perfect, but was
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eventually achieved. Great care was taken to ensure that the roughness cover was
completely to the edge o f each plate, so the plates when lined up together created
a continuous roughness bed.

In this way, 2 m o f continuous roughness was set in place from the beginning of
the channel bed, allowing the flow to become fully developed over the rough bed
prior to the test section.

At the downstream edge of the roughness plate where the flow visualisations were
to be carried out, a clear, 6 mm thick glass plate with a flat square end was
placed. This was to overcome the step created by the roughness plate.

The 6mm glass spheres (k6), however, were not lifted by the current and could be
placed directly on the channel glass bed.

A sample o f 150 elements were

measured to obtain an average diameter of 6.012mm, with a standard deviation of
0.159 mm. The first 2m of the channel bed was covered with the 6mm roughness
element and tapped gently to ensure that there was only 1 layer of roughness
elements. At the downstream end of the roughness, a glass plate 495 mm wide, the
width of the channel, and 300 mm long was placed in front o f the roughness. This
plate was used to keep the spheres in position and to stop them rolling along the
channel. It was also necessary to overcome the step created by the roughness
elements.

With the placement of the 6mm elements on the channel bed the

velocity origin would have moved up to about 5 mm above the original glass bed,
thereby creating an unacceptable step immediately after the roughness where
visualisation was to take place. Hence the downstream glass plate was positioned
with its upper surface at 5mm above the original glass bed. This plate, however,
was chosen to be only 4mm thick and placed on accurately machined 1mm pillars,
ensuring the maintenance of similar permeability along the bed through the
roughness elements, and consequent avoidance o f blockage and peculiar ciurent
behaviour at the downstream edge of the roughness.

The 12mm glass spheres (kl2) were used to form the largest roughness considered.
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From a sample of 150 spheres the average diameter was found to be 12.008mm
with a standard deviation o f 0.189mm. As in the case o f the 6mm glass spheres,
these larger spheres were placed to cover the first 2m o f the channel’s glass bed.
A glass plate 6mm thick, the width of the channel and 300mm long was placed
at the downstream of the roughness. To overcome the problems at the edge o f the
roughness discussed in relation to the 6mm spheres, this glass plate was raised on
4mm pillars, providing the continuity in the permeability and also bringing the top
level of the glass plate to 10mm near the actual velocity origin for the flow over
the roughness - avoiding the existence of a step at the edge o f the roughness.

The 9mm pebbles (k9) were chosen to form the more natural roughness under the
consideration that, as this roughness element is reasonably similar to the spheres
and has also been used in previous turbulent studies by Grass (1967), the results
could be compared with and discussed in relation to the results from that study.
The pebbles, from the Bridport section of Chesil Beach, were selected using 3/8
inch and 5/16 inch sieve sizes. They were placed and lightly tapped to form a
roughness bed of only one pebble thick. The average height o f the pebbles above
the original glass bed was measured with a depth gauge to be 7.48mm. This was
because the pebbles lay on their flattest side.

Once again a downstream glass edge was needed and 4mm thick glass with 2mm
gap underneath was used. (See Fig 5.12 for illustration).

4.3 HYDROGEN BUBBLE VISUALISATION TECHNIQUE

4.3.1 INTRODUCTION AND DESCRIPTION OF METHOD

In this study it was necessary to provide instantaneous relative velocities along a
horizontal line for a given vertical height above the bed. To achieve such an aim
it was inappropriate to use one of the various forms of point measurement
anemometry techniques available, such as hot wire, hot film or laser Doppler
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method.

The nature of this investigation required a virtually continuous

measurement of velocity in the spanwise direction, and to obtain this with point
measurements would require an unmanageable number of sensors, which would
also be very intrusive to the flow.

Methods such as hot wire and hot film have, in fact, been used to study the
structure of turbulent boundary layers. Townsend (1976) used 8 simultaneously
sampling hot wire sensors to measure air flow, while Blackwelder & Kaplan
(1976) used an array of up to 10 sensors for their work. In a more recent study
Antonia & Bisset (1990) used an array o f hot wires aligned in the spanwise
direction to carry out a study on the spanwise structure o f the near-wall region of
the turbulent boundary layer.

To undertake this study using a point measurement

technique, a spacing of at least 5mm would be required between the sensors,
resulting in the use of 35 separate sensors. The conclusions o f this type of study
are thus limited by the resolution restrictions imposed, depending on the number
and the spacing o f the sensors.

There is also a limitation to the number of

intrusive sensors which can be applied without disturbing the flow significantly.
Laser Doppler anemometry could be applied without disturbing the flow, but this
technique can not be adapted practically to measure an array of points
simultaneously.

The measurement system selected as appropriate for this study, then, was an
adaptation of a form of flow visualisation technique. Flow visualisation involves
introducing a visible tracer medium into the flow and visually tracking its path as
it is swept along by the flow.

Various coloured dyes such as potassium

permanganate can be introduced to a water flow in order to visualise flow patterns
but, due to the diffuse nature o f the tracer medium, introduction o f dye in this way
is more suitable for purely qualitative study. In the present work, colour dye has
been employed to assess qualitatively various aspect o f the experimental set up,
such as separation at the inlet.

However, to obtain quantitative results it is

necessary to use a visualisation technique in which the tracer medium possesses
discrete reference points which can be visually isolated and traced in time and
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space.

One possible method is to introduce a large number o f very small and

neutrally buoyant particles in the flow, which are also suitably illuminated and
visualised to enable their spacial location and velocity to be determined.

The successful application of such a technique unfortunately requires resources
beyond the means of this project. Additionally, the objectives o f this study can
adequately be achieved by obtaining the spanwise velocity information at onlv one
vertical location at a time - as long as that vertical position can be accurately
located.

The requirement of this study was, therefore, to employ a visualisation method
which enabled the collection of spanwise velocity information at a precise vertical
location. This was satisfactorily achieved by using a hydrogen bubble technique,
and employing a single wire, spanning 20cm in the spanwise direction, which
could be located precisely using a micrometer at a vertical location.

The hydrogen bubble visualisation method was suggested by Geller (1955) and
developed by Clutter et al (1961). A very similar set-up which has been chosen
for this study was employed originally by Schraub & Kline (1965) to look at the
spanwise structure of turbulence for smooth walls. The scope o f the hydrogen
bubble technique was successfully demonstrated by Grass (1967) who obtained
turbulent intensities and Reynolds stress as well as velocity information by
introducing blocks of hydrogen bubbles and systematic frame by frame analysis
of the high speed motion picture films. It was then shown by Stuart (1984) that
the hydrogen bubble technique can also be used successfully for the study o f three
dimensional turbulent structure by employing a grid o f hydrogen bubble wires.

A detailed description of the hydrogen bubble method can be found in previous
work by Grass (1967) and Stuart (1984). In this method a taut wire of very small
diameter is submerged in the fluid and negative voltage is applied to the wire,
forming a cathode. A suitable anode is also provided, generally in the form o f a
metal plate also submerged in the fluid. With the presence o f both anode and
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cathode, ihé" electrolytic dissociation of the water takes place, causing the
formation o f hydrogen gas at the wire cathode and oxygen at the anode. The
hydrogen gas evolved at the wire is swept downstream by the action o f drag force
and takes the form o f minute bubbles.

When illuminated, using a powerful

source directed through the path of the bubbles, their scattering effect on the light
ray causes the stream of bubbles to appear as a continuous bright sheet leaving the
wire. If the electric current supplying to the wire is pulsed the bubble production
becomes disjointed, resulting in the introduction o f discrete tracer lines in the fluid
which locate the position of fluid particles at a given time, and are therefore
defined by Schraub et al (1965) as a ‘time line’. The production o f time lines
using a pulsed current is outlined by Stuart (1984) in detail. The thickness of the
lines and size of the gaps between them depends on the duration o f the pulse and
the pulse frequency.

These can be controlled to produce the most coherent

visualisation, depending on the fluid velocity.

4.3.2 PULSE GENERATION

The pulse generator used to supply current to the hydrogen bubble wire had been
especially designed and constructed for this purpose at UCL. It was first used in
the work of Stuart (1984), in whose thesis the electronic circuit diagram for the
generator is detailed. The generator is capable of supplying direct current at up
to 50 volts, either continuously or pulsed at a range o f pulse frequencies. The
pulse duration can be adjusted to give the required width o f the hydrogen bubble
tracers. The rise time, which is the time taken for each pulse to obtain maximum
voltage, is also adjustable in order to control the quality o f the tracer lines as
described by Grass (1967). A two-way maslar switch allows the output current
to be switched on and off, while determining the polarity o f the current flow. The
output current is protected from overflow by an automatic cut-off switch. The
actual operating ranges for the pulse generator are given below:
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operating Ranges of the pulse generator
Output voltage:

0-50v

Pulse repetition:

Continuous, 1 ,2 ,5 , 10,50,100 Hz

Pulse width:

O.l-lOOOms, continuously, varied.

Rise time:

0, 0.1, 0.5, 1, 2 ms

4.3.3 GENERAL FEATURES OF THE HYDROGEN BUBBLE PROBE

A probe was designed and built to support a single horizontal wire, with
adjustments to ensure that the wire was absolutely parallel with the bed and at 90®
to the flow. As the wire support was movable in a vertical direction it could be
placed at any desired distance above the bed. The probe can be seen in Fig 4.5.

The wire spanned a distance of 20cm between two brass columns, 0.5cm in
diameter, each with their underwater section insulated.

These columns were

attached to a perspex frame, set back by 5cm allowing the camera to be placed
directly above the wire (see Fig 4.6). The perspex frame was joined to a single
aluminium rod (15mm in diameter) at an adjustable connection which enabled it
to be turned through small angles in order to keep the wire parallel to the bed.
The aluminium rod, in turn, was held in place by a two-clamp system, fully
traversable in the vertical direction. A micrometer was employed to measure the
exact vertical movement of the aluminium rod, and therefore o f the wire. The
support was made to rest on the railings o f the sidewalls o f the channel. (See also
Fig 6.1).

4.3.4 WIRE POSITIONING AND ATTACHMENT

The wire used for these experiments was made o f a Platinum/Iridium
measuring 0.025 mm in diameter.

alloy,

Such a fine wire was selected in order to

minimise its intrusion into the flow structure to the extent that its effect was
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negligible. Its attachment in a taut state at an exact position, however, presented
considerable difficulties due to its extreme fragility. This was overcome by cutting
special grooves at the bottom of the two brass attachment supports. The wire was
then attached further up one support, drawn through the two grooves and then
hung over a pulley connected to a small weight (see Fig 4.7). In this way, the
wire was only secured at one end, while the other, pulled taut by the weight, was
able to move and thus avoid breakage.

This system also ensures that the wire

remains constantly taut, due to the constant pressure applied by the weight over
the pulley. The two grooves were given a special curvature so that the wire did
not bend sharply and therefore break (see Fig 4.7). They were also cut in such a
way that the wire would be held exactly 0.5mm above the base of the brass
supports, which, machined to be absolutely flat, could be lowered neatly onto the
datum plate. This ensured that the wire height was known to be exactly 0.5mm
above the datum, so that its subsequent positions could be accurately monitored
by the micrometer as the whole support structure was moved up.

4.4 ILLUM INATION SYSTEM

In any hydrogen bubble visualisation study, the correct provision o f lighting is key
to obtaining a satisfactory photographic image. Regardless o f high quality bubble
generation, the visualisation would yield poor results if incorrectly lit. For the
purposes of this study, the wire was held horizontally and parallel to the bed,
while the camera was positioned directly above and looking down at the bed in
order to obtain the desired visualisation image.

The image was to be taken

immediately after the roughness, thereby situating the tracer lines above the
transparent glass bed. To maximise the visual contrast, a matt black plate was
placed beneath the glass channel bed.

Two projectors were used to illuminate the bubble tracer lines. It was quickly
discovered that the tracer lines could not be adequately illuminated from the sides
or top of the channel. To achieve the best visualisation results, it was necessary
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to direct the light from a position where light hitting the tracer lines would then
travel into the camera.

With the camera aiming down at the bed, the ideal

position for the projectors was beneath the channel bed - although unfortunately,
the original wooden bed of the channel could not be replaced. In anticipation of
this problem, however, a second channel bed made o f glass had been inserted and
raised 7cm above the wooden bed. Though neither the projectors nor any other
adequate source of lighting could be placed under water, it was then possible to
use a system o f mirrors to direct the light onto the bubble tracer lines at precisely
the desired angle. The mirror arrangement can be seen in the photograph o f the
channel (Fig 4.5) and is illustrated clearly in Fig 4.8.

4.5 LASER DOPPLER ANEMOMETRY

In conjunction with the hydrogen bubble visualisation study, it was necessary to
establish the mean properties of the flow and to obtain accurate velocity and
turbulence data for each flow rate. The main bulk o f these control measurements
were carried out using laser doppler anemometry. Where possible, however, for
less sensitive measurements, a Kent ‘miriiflo’ propeller was used. This instrument,
giving reasonable results and simple to operate, provides only mean velocity
values and is therefore limited in use to mapping out velocity contours and
assessing the effects of secondary flows.

For the more sensitive control measurements, where extremely accurate mean
velocity and turbulent data was required, laser Doppler anemometry (LDA) was
employed. LDA is a well-established technique, well documented in a number of
informative texts, including the work of Durst et al (1976). The particular LDA
system utilised in this study has previously been used by Raven (1977) and Stuart
(1984).

The laser was positioned on a traversing base, which was therefore

adjustable both up and down and along the channel. It was also possible to tilt the
laser by smaller amounts as the actual laser supports were similarly adjustable.
It was possible to rotate the laser beams through 45 degrees, and from these
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averaged
measurements obtain the Reynolds stresses. This method is discussed in full by
A

Raven (1977) and used successfully by Simons (1980).
analytical method of obtaining

In Appendix A, the

Reynolds stress from the 45 degree velocity

measurements is given. In Fig 4.3, the laser and its position in relation to the
channel can be seen.

This LDA system’s performance has been comprehensively evaluated and
documented by Raven (1977). Unfortunately, due to the age o f the equipment,
many components were prone to faults.

Naturally this presented considerable

difficulties, as the performance of each component had to be tested before and
during each experiment to ensure that correct measurements were accurately
recorded. During the period of testing, various components had to be serviced and
repaired - for which a considerable time penalty was paid.

4.6 BENSON 6452

The Benson 6452 is the digitising table which was purchased specifically for this
study. It offers high performance features such as selectable resolution o f up to
1000 lines per inch, and sampling rates of up to 200 points per second. Its stateof-the-art electromagnetic induction technology enables highly accurate and stable
data generation.

The table’s operation is based on the principle o f electromagnetic induction,
whereby a coil within the cursor/stylus generates an alternating field. The table
consists of perpendicular arrays of sensing lines which induce signals in this field,
with the line newest the centre generating the signal o f the highest amplitude. The
micro-processor then determines the input point co-ordinates by scanning the
sensing lines and locating the signal of the highest amplitude in each of the X and
Y directions. It is this sensing line technique which ensures the high accuracy,
resolution and stability of the data generation.
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Fig. 4.1

Photographic view of the flow channel
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Fig. 4.2

Diagram of the flow channel

Fig 4.3

Side view of the channel showing the glass bed and position of the
laser
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Fig. 4.4

The different bed roughnesses
a) kl

1 .15mm Baletini

b) k6

c) kl2 12mm spherical glass
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d) k9 9mm pebbles
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Fig. 4.5

Hydrogen bubble wire probe

93

Fig. 4.6

Hydrogen bubble wire probe and the camera support
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Detail of the wire attachment on the probe
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CHAPTER 5
PRELIM INARY TESTS AND CONTROL MEASUREMENTS

5.1 INTRODUCTION

The preliminary tests and the control measurements carried out in this project are
described in this chapter. These measurements were carried out prior to and in
conjunction with the flow visualisation study. There were two main aims to be
achieved by these measurements. Firstly, to assess the channel’s performance in
order to support the general validity of the results by ensuring the absence of
arbitrary or non-general flow phenomenon. Secondly, to obtain the basic flow
parameters for each different test condition.

The channel’s general performance was assessed through a set of preliminary tests,
as described in section 5.3. Information was obtained to demonstrate the existence
of a fully developed boundary layer with reasonable spanwise uniformity across
the centre section of the channel.

In this chapter the generation of secondary

currents in channel flows is discussed, and the extent and the effect o f such
currents in the present channel is considered.

The control measurements carried out and described in section 5.2 were necessary
to obtain the flow parameters needed to assist in the interpretation and the
comparison of the visualisation results.

For each test condition, the velocity

profile and Reynolds stresses had to be ascertained.

The LDA system described

in section 4.5 was chosen as the most sensitive and accurate means available to
obtain this information.

5.2 SECONDARY CURRENTS IN OPEN CHANNEL FLOWS

The production of a uniform, two-dimensional flow has always been problematical
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in laboratory channels. Difficulties arise because o f the existence of side walls in
practical

situations

and

the

consequent

generation

characteristics, superimposed on the primary flow.

of

secondary

flow

Research into the nature of

turbulent flows in ducts and channels has been widespread, including the
investigations o f Brundrett & Baines (1964) and Melling & Whitelaw (1976) into
flows in rectangular ducts. A common result o f these and other studies is the
observation of a w ell defined cellular structured secondary flow, superimposed on
the primary flow.

These secondary flows are the results from gradients in the normal components of
Reynolds stresses producing small changes and gradients in the mean pressure
field of the flow cross section formed in the comer regions o f the flow, and exist
in all turbulent flows of non-axi-symmetric cross section.

Raven (1977)

demonstrates an example of the type of non-uniformity to be found in a fully
developed turbulent open channel flow with rectangular cross-section by measuring
the cross channel velocity profiles. In Raven’s study the width-to-depth aspect
ratio was 5, and it was subsequently found by Stuart (1984) that by increasing this
to 10, a substantial improvement in the uniformity o f the flow was obtained. With
a large aspect ratio, the central region of the channel is sufficiently well-removed
from the influence of the comers.

The present study used the same facility as Stuart (1984), with a channel width of
50cm. As it was not practical to reduce the water depth to less than 5cm in view
of the roughness sizes to be considered, an aspect ratio o f 10 was also used.
Although the performance of the channel and the uniformity o f the flow for this
facility have been investigated by Stuart (1984), further examinations o f its
suitability were undertaken and are reported in the following section.

5.3

PRELIM INARY TESTS

5.3.1 FLOW CHANNEL OPERATION
The experimental channel as originally designed, had two methods available for
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measuring the overall flow rate through the channel. These were the orifice plate
flow meter, which measured the head loss across a sharp edged circular orifice of
known diameter, and the calibrated collection tank. However with the introduction
of the raised glass bed, which enabled water to flow both above and below the
glass, the desired flow rate above the glass could no longer be measured using the
available techniques. In this study it was decided to use a maximum o f three
different flow rates for each given bed condition as discussed in chapter 6.
However the desired flow rates were not exact but had to fall in an accepted
range.

They had to be fast enough to ensure that the boundary became fully

developed, and not so fast as to make the visualisation impossible. It was decided
to control the flow rate by placing different sized orifice plates in the inlet tank,
and keeping the inlet valve fully open. In this way the uncertainty o f the creeping
of the valve is minimised, while the flow rate is exactly reproducible.

The size of orifice required to achieve the desired flow rate was obtained
experimentally.

For different plates with increasing diameters, the flow depth

above the bed plate was kept at 50 mm, and the velocity profile at the test section
was measured using the propeller meter. Using this direct measure o f the velocity
profiles at the test section, three different sized orifice plates were selected. The
orifice diameters were 65 mm, 55 mm and 45 mm, resulting in three flow rates
which will be referred to as Q l, Q2 and Q3 respectively.

For the actual experiment, more accurate measurement of the velocity profile was
obtained using the LDA system.

5.3.2 CROSS CHANNEL FLOW MEASUREMENTS

To assess the spanwise uniformity of the flow, a set of cross-channel velocity
profiles were measured. For these measurements a propeller meter was used to
enable a rapid evaluation of the general nature of the flow field within the channel.
For each different test condition, cross-channel profiles were taken at y/D=0.5 and
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y/D=0.2 at the inlet, and then at x-wise intervals of 0.5m along the channel,
continuing to the test section (X=2.0m). Examples of these profiles for the k6
roughness and Q2 flow rate are presented in Fig 5.1 and Fig 5.2.

These profiles depicted a problematic non-uniformity o f flow in the spanwise
direction across the entire channel width. The flow patterns observed were very
similar to those discussed by Stuart (1984) in his assessment o f the extent of
secondary flows in the same channel.

Stuart concluded that the three-

dimensionality o f the flow was due to the comer generated secondary flow. To
reach this conclusion, he measured the inlet flow in detail in order to eliminate the
possibility of non-uniformity being caused by disturbances convecdng through
from the inlet. Similar inlet velocity profiles were measured (Fig 5.3) showing
almost perfect uniformity except for very near the side wall sections.

In

comparison, the velocity profiles measured at the test section (Fig 5.4), show that
the velocity field within 5-10 cm of the side walls is strongly influenced by them.

Previous research, such as that described in section 5.2, had established that
secondary flow ‘cells’ are generated in comer regions due to the presence of
Reynolds stress gradients. In particular, work by Muller (1975) and Knight et al
(1982) is directly relevant to the present study. Muller measured and presented
the mean velocity and shear stress profiles in a rough bed open channel flow with
an aspect ratio o f 6. Knight et al (1982) proposed possible secondary flow cell
pattems which can account for the variations in the flow field observed in open
channel flows. The problem of producing an acceptable two-dimensional flow in
smooth and rough channels has also been investigated by Knight (1981). In this
study the percentage of the total shear force carried by the bed is used as a
criterion, to indicate the two-dimensionality of the flow. From the findings o f this
study an aspect ratio of 10 results in 87% of the total shear force being carried by
the bed in the case of the smooth. With the increase in the bed roughness this
value is further improved, therefore the flow behaviour becomes more twodimensional.
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The presence of spanwise velocity fluctuation caused by secondary flow was of
major concern to this study since its objective was to analyse the spanwise
velocity fluctuations in relation to the structure o f turbulent boundary layers. On
further examination of the average long-term velocity fluctuations present, due to
secondary flow cells, it is apparent that the scale o f the fluctuation is significantly
larger than the expected instantaneous velocity fluctuations o f turbulent structures.
From examination of the cross channel velocity profiles obtained in this study (see
Figs 5.1, 5.2), and of the work carried out by Smart (1984), it can be concluded
that the wave length of the fiucmations is 100-150 mm. Therefore these velocity
fluctuations can be distinguished from the instantaneous velocity fiucmations under
consideration, and, if necessary, filtered in the spectral analysis discussed in
chapter 6.

5.3.3 DEVELOPMENT OF BOUNDARY LAYER

In this smdy it was intended to consider a fully developed turbulent flow. It was
therefore a requirement o f the control measurements to establish that the flow
development in the channel was completed at a point well upstream o f the test
section, in order to ensure that the turbulence structure convecting through the test
section had been produced within a fully developed turbulent region.

To this end, a series of velocity profiles were measured at x-wise intervals of
0.25m along the centre line of the channel between the inlet (x=O.Om) and the test
section (x=2.0 m). Fig 5.5 shows examples of these measurements for the k6Q2
test. From these results it can be seen that the flow becomes fully developed
within the first metre of the channel, and that the velocity profiles thereafter
remain unchanged.

It can therefore be assumed that at the test section a

satisfactorily fully developed and reasonably steady channel flow was achieved.
Similar conclusions were drawn by Smart (1984), who used the same test position
in the same channel.
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5.4

CONTROL MEASUREMENTS

5.4.1 INTRODUCTION

At the test section at the centre line of the channel a more detailed assessment of
the flow properties was carried out for each test condition. In this study 12 test
conditions were considered. These are described in table 5.1, and the reasons
behind their choice are discussed in chapter 6.

Using the LDA system, the velocity profile and the turbulent intensity for each test
condition were measured. The Reynolds stresses were also measured using the
technique described in section 4.5 (see also Appendix A). This set of experiments
provided the general flow parameters necessary to analyse the results of the
visualisation tests.

For three of the tests carried out, the channel bed was smooth. For these tests the
position of the velocity origin is known to be at the bed, and the velocity
measurements could be carried out very close to the bed. The above reasons,
together with the smooth nature of the bed, meant that the treatment o f the results
in order to obtain the necessary flow parameters was different to that used in the
rough cases.

In this section, a description of the control measurements for both the smooth and
the rough tests is given, and the method o f obtaining the flow parameters is
discussed. The important flow parameters for these tests are given in Tables 5.2a
and b.

5.4.2 CONSIDERATIONS FOR THE SMOOTH TESTS

Velocity profiles were measured at the test section in the centre of the channel.
The glass bed was used as the measurement datum.
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The LDA system was

employed and great amount of care was taken to produce sensitive results. The
velocity profiles for the three flow rates used are plotted in Fig 5.6.

5.4.2.1 WALL DISTANCE ORIGIN

Laser Doppler anemometry has been used to obtain the velocity measurements in
this experiment.

In this method there is an inherent problem with the exact

location of the control volume position.

Two methods have been used to locate the control volume independently, in order
to add to the certainty of its position. A piece o f brass with the exact thickness
o f 1cm was placed on the flat glass bed and, in the case of rough wall test, on the
downstream glass plate section which was used as datum. Then, visually, the
intersection of the laser beams forming a cross was located on the brass plate, and
the vertical micrometer locating the position o f the control volume was adjusted
accordingly.

The position of the control volume was further checked using a

similar method to that described by Raven (1977). A razor blade was positioned
vertically 1mm above the bed at the exact lateral position o f the control volume.
The beams were then raised gradually and the reading on the dial gauge, attached
to the milling machine base equipment mount, was noted just as the control
volume first touched the sharp edge of the blade. A second reading was taken at
the point when the beams became totally eclipsed by the razor blade, thereby
locating the bottom of the control volume.

It was thus possible to locate the

centre o f the control volume relative to the glass datum by taking the mean o f the
two dial gauge readings.

Notwithstanding the great degree of care taken in locating the control volume, the
fact remains that it has a diameter of 0.4mm - so there will always remain some
uncertainty about the exact point, within this volume, which relates to the
measurement taken, especially near the boundary in the region of high velocity
gradient. Due to the large velocity gradient, and the consequently greater number
103

of particles passing through the upper section o f the control volume, there is a
potential bias for the actual measurement position to be closer to the top o f the
control volume. This inaccuracy could only be in the order o f 0.1-0.2mm, but
might nevertheless be significant in the determination o f the near-the-bed velocity
gradient.

Such an error would also cause the near-the-bed (viscous region)

velocity profile to deviate from a straight line. The velocity profiles near the bed
are plotted in Fig 5.7 and it can be seen that in each case the profile falls on a
straight line passing through the datum, and therefore the error can be disregarded.
The size of the control volume also imposes a practical limit as to how close to
the bed measurements can be taken.

5.4.2.2 BED SHEAR STRESS DETERMINATION: SMOOTH

For the smooth tests the bed shear stress, Tq, could be obtained using two separate
methods, both employing the experimental results. This was a great advantage as
it increased the certainty in the value of the bed shear stress obtained.

From the equations 3.8 and 3.9 it is known that;

T =Xo(l-y/D)

5.1

where;

x/p= -u'v' + v(dU/dy)

5.2

Near the smooth boundary in the viscous region u'v' tends to zero as y tends to
zero, therefore;

Vp=v(dU/dy)y_^

5.3

In the case of the smooth tests, dU/dyy_^o can be deduced from the near-wall
velocity profiles measured and plotted in Fig 5.7. The value o f the kinematic
viscosity was also known, as the water temperature in each case had been
measured. Therefore, for each smooth test the value o f bed shear stress, Tq» was
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calculated in this way.

For each experiment a set o f Reynold stress (-u 'v ) results was also obtained as
described in 4.5. At each measurement point the velocity gradient was likewise
obtained from the measured velocity profiles, see Fig 5.6. Hence the total stress,
x/p, was plotted against the position above the bed, y, for each o f the smooth tests
(Fig 5.8). For each test using the value of the Tq previously obtained from the
wall gradients, the straight line representing the total stress obtained from equation
5.2 is also drawn. There is a very close agreement between this line and the
experimentally obtained total stress values plotted (see Fig 5.8), indicating the
reliability of both methods. In Fig 5.8 the Reynolds stresses at different heights
above the bed for each test are also plotted. It can be seen that the Reynolds
stress is the major contributing factor to the total stress, and that except for a small
region near the wall, Reynolds stress is almost equal to the total stress for the
majority of the boundary layer.

5.4.3 CONSIDERATIONS FOR THE ROUGH TESTS

The laser doppler anemometry was used to obtain the velocity profiles and the
Reynolds stress measurements, while the leading edge glass plate was used as the
datum to locate the control volume of the laser beams (as described in Chapter 4).
The resulting velocity profiles with the leading glass plate as datum are plotted in
Fig 5.9-5.12.

For the velocity values near the roughness elements, a spatial

average value was obtained.

To illustrate the variations in near bed velocity

profile depending on the measurements location relative to the roughness elements,
four profiles are shown in Fig 13a,b, measured at positions ranging between the
top of a roughness element and the trough between elements.

5.4.3.1 THE LOCATION OF THE ORIGIN

There is an added problem, where the flow takes place over the rough boundary,
as there is no physically defined position of the y origin and zero velocity. In this
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study the position of the laser beams was located on the downstream glass plate,
and this was chosen as the arbitrary origin for measuring the velocity over the
rough bed. However, this position being arbitrary introduces limitations upon the
application of the wall distance, y, as a universal scaling parameter.

To overcome the arbitrary nature of the origin in the rough boundary test for each
experiment, the following procedure, first suggested by Clauser (1954), was used.
Clauser’s method is also used by Stuart (1984) and explained in his work.

Clauser (1954) observed that a constant shift in y, due to misalignment of the
origin, would cause the straight line logarithmic portion of the velocity profile to
become distorted into a curve. He suggested, therefore, that the y origin should
be shifted until the curved logarithmic region, resulting from the use of an
arbitrary y datum, was transformed back into the appearance of a straight line on
a semi log plot.

Clauser’s procedure, which is used widely in the analysis of the

rough boundary flows, has the advantage of consistency since it utilises the
properties of the flow, rather than trying to categorise details of the roughness
geometry.

The Clauser method is only valid when applied to the logarithmic region of the
velocity profile, and therefore the determination of the correct upper and lower
limits of the region is very important. It is generally accepted that the upper limit
of the log-layer extent is about 0.25 above the wall wherever 5=boundary
layer thickness. This was used as a guideline, but in order to decide on the upper limit
for each test, the actual individual log linear plots were examined, and the upper
limit was selected to be where a noticeable deviation from the straight line
appeared to occur. For the purposes of using the Clauser method at the upper
limit for different chosen origins, there is a very small variation. This is because
the change in origin causes a small percentage change at larger distances from the
bed, which means that some uncertainty about the exact position of the upper limit
can be tolerated.
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By the same argument, however, it is important to take a good account o f the
lower limit of the log layer. By simple physical reasoning, it is possible to deduce
that, in the region immediately adjacent to the rough bed, the flow can be
influenced by the localised geometry of the rough bed. Reynolds (1974) mentions
a roughness ‘layer’, extending for approximately one roughness height above the
roughness tops, in which the flow is strongly influenced by the local geometry.
Townsend (1976) and Perry & Joubert (1963) also describe such an effect, without
quantifying the extent of the region. To quantify this region, Stuart (1984), in his
work, compared the velocity profiles taken at the points directly above, at the peak
and in the trough o f the roughness elements in order to ascertain the degree of
difference. 5mm square slat roughness was used in that study, behaving as ‘ktype’ roughness, and it was found that at about 3mm above the roughness tops the
two profiles merged, thus demonstrating the height at which local velocity
influences cease to affect the flow. However, it is clear that the extent o f the
roughness layer is strongly dependent upon the shape o f the roughness elements
and particular roughness configurations in each test. Therefore the approach used
by Stuart (1984) was adapted in order to give an indication o f the lower limit of
the log layer in the test in this study.

The extent of the variation in the velocity profiles for different positions with
respect to the roughness elements was examined.

As previously mentioned,

velocity values at vertical positions directly above a roughness element, and in
between the elements, were measured. Examples o f these results are presented in
Fig 5.13a and b for k6Q2 and kl2Q 2 tests. In both tests a level was found where
the velocity profiles merged and the scatter appeared only to be random. This
level was found to be about a 1/3 to a 1/2 o f the roughness size above the tops of
the roughness elements. This result could also be used to determine the lower
limit o f the log layer.

Having established the limits of the log layer for each test, it was possible to apply
the Clauser method to locate the position o f the origin. The Clauser method was
applied using a technique suggested by Perry & Joubert (1963) and also used
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successfully by Stuart (1984). The velocity profile in the logarithmic region was
plotted against y (vertical distance from the datum) on a semi log plot. A large
value of the origin correction shift, e, was then added to the y coordinates o f the
experimental points, now locating the y origin well below the roughness crest
height, and these shifted points were also plotted. This shift brought the points
closer together and enabled a curve to be more easily faired in by eye through the
data points.

Working back from the faired-in curve, small increments were

successively subtracted, giving a family of curves corresponding to various values
o f origin correction shift, e, from the datum. This process was repeated till the
origin was located at the tops of the roughness, where the data could be seen to
curve the other way. This process was carried out for every transitionally rough
and fully rough bed test (see Fig 5.14-5.18).

The origin correction, e, which

resulted in the best straight line velocity profile for the logarithmic region was
chosen.

As commented by Perry & Joubert (1963), this method did not give the precise
value of e, but located it within a relatively narrow range. Attempts were made
to narrow this range, by using a computer regression analysis routine. In view of
the presence of random scatter due to experimental error, the calculated regression
coefficients differed insignificantly and were o f no practical use.

The precise

value of, e, therefore had to be decided subjectively. Individual graphs for each
different increment were plotted to enable better subjective judgement o f the best
agreement between the data points and the fitted straight line.

The position of the velocity profile origin, relative to the average roughness crest
height, is very sensitive to the particular roughness configuration used. It is
therefore only relevant to compare the present results with the findings of other
works which used a similar roughness type. The results o f this and some other
roughness studies are presented in table 5.3, in which the origin location is
expressed as a fraction of the average roughness height, k, below the level o f the
average roughness crests.
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S.4.3.2 BED SHEAR STRESS FOR ROUGH TESTS

From the examination o f the smooth test results, it is apparent that, from the
Reynolds stress measurements and using equation 5.1, a satisfactory estimate of
To can be obtained (see Fig 5.8). As it was not possible to measure the velocity
very close to the bed, the value of (3U/9y)y_^ can only be estimated.

It was

therefore desirable to use the total stress measurements to obtain the bed shear
stress accurately. Using the experimental results, graphs o f x/p against y were
plotted for each of the fully rough and transitional rough test conditions (Fig 5.195.22 ), and the value of Tq was estimated, by fitting a straight line through the data
and reading the intercept of the line and the x-axis. The Reynolds stresses are also
plotted on these graphs, demonstrating the major contribution o f Reynolds stress
to the total stress.

5.4.4 THE RESULTS OF THE CONTROL MEASUREM ENTS

Following the procedures discussed in the previous sections the value of bed shear
stress To was determined, and using equation 3.10 , the bed shear velocity, U^,
was also determined for all the test conditions. These U^ values are tabulated in
tables 5.2a and b.

With U^ and v known, it was possible to plot the non-

dimensionalised velocity profiles, U+, against y+. Fig 5.23 contains the results of
all the tests with the Q1 flow rate (SQ l, k lQ l, k6Q l), Fig 5.24 contains the
results of all the tests with Q2 flow rate (SQ2, klQ 2, k6Q2, kl2Q 2), Fig 5.25
contains the results of all the tests with Q3 flow rate (SQ3, klQ 3, k6Q3, kl2Q3)
and Fig 5.26 is the plot for the pebble test k9Q4. The smooth conditions clearly
exhibit a viscous layer approximately up to y'^»8 where U^=y"^.

As discussed in chapter 3, all the tests demonstrate a logarithmic region where a
portion of the velocity profile on a semi-log plot follows a straight line. The
equation of this line is;
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U=(UyK)lny-(UyK)lnyo

5.4

In a non-dimensionalised plot this equation becomes;

U/U,=(l/K)In(yUvV)-(l/K)ln(yoUvV)

With values of

5.5

and v known from the gradient o f the line and the intercept of

the hne with the y-axis, the values of roughness length scale yg and the Karman
constant, K, are obtained. These values are calculated for all thetests and are
tabulated in Tables 5.2a and b. The values o f theKarman constantobtained in
this experiment were close to the expected value o f 0.4, in fact yielding a
maximum variation of less than 8%. In all but one o f the tests carried out the
value of K obtained was less than 0.4.

In similar studies carried out in open

channel flows (Stuart (1984); Raven (1977); Grass (1967)) the values o f K were,
0.37, 0.381 and 0.344 respectively. This shows a consistent trend with the finding
o f this study.

Turbulence data, consisting of the streamwise turbulence velocity fluctuations, were
obtained from direct measurement using the LDA.

An example o f these

measurements is given in Fig 5.27, which shows the results for all the bed
conditions and the Q2 flow rates. Nezu & Nakagawa (1981) compared various
results, including those of Grass (1971), to demonstrate the universality of the
turbulent fluctuations.

The range of Reynolds numbers under consideration was

5000-10000 which corresponds well with this study. As can be seen from Fig
5.27, away from the wall all the results from different bed roughness conditions
collapse on a single function, given by Nezu & Nakagawa (1981) as [u '/U^ =
2 3 e(-y/*^)],

but, near the wall, there is a drop in the value o f u'/U^ correspondent

with the increase in y^.
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Bed Roughness

TEST

Flow

Av. Velovity

Name

Rate

U mm/s

SQ l

Qi

222.0

Smooth

SQ2

Q2

163.3

Smooth

SQ3

Q3

105.0

Smooth

k lQ l

Ql

227.8

k=1.15 mm Sphere

klQ 2

Q2

164.8

k=1.15 mm Sphere

klQ 3

Q3

106.0

k=1.15 mm Sphere

k6Ql

Ql

219.4

k=6.0 mm Sphere

k6Q2

Q2

154.6

k=6.0 mm Sphere

k6Q3

Q3

111.0

k=6.0 mm Sphere

kl2Q 2

Q2

155.9

k=12 mm Sphere

kl2Q 3

Q3

106.0

k=12 mm Sphere

k9Q4

Q4

159.4

k=7.48 mm
(9 mm Pebbles )

Table 5.1 Tests Conditions
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SQ l

SQ2

SQ3

K lQ l

k lQ 2

k lQ 3

D mm

50.0

49.9

50.3

49.8

49.7

49.9

U mms'^

222.0

163.3

105.0

227.8

164.8

106.0

V mm^s’^

1.07

0.94

0.94

1.06

0.94

0.94

DU/v

10335

8669

5613

10702

8713

5611

U.Ç mms'^

11.02

8.47

6.07

12.48

9.18

6.46

K

0.394

0.393

0.395

0.392

0.398

0.387

k U /v

-

-

-

13.6

11.2

7.9

yc mm

-

-

-

0.8

0.7

0.7

yo mm

-

-

-

.0201

.0207

.0318

kjj mm

-

-

-

0.96

0.96

0.96

W v

-

-

-

11.3

9.38

6.6

kj/k

-

-

-

0.83

0.83

0.83

Table 5.2a Flow and bed roughness conditions
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k 6Q l

k6Q2

k6Q3

kl2Q 2

kl2Q 3

k9Q4

D mm

49.0

49.1

48.9

48.8

46.9

49.7

U mms'^

219.4

154.6

111.0

155.9

106.0

159.5

V m m ^ s'^

1.05

1.00

1.05

1.08

1.03

1.05

DU/v

10239

7591

5160

7044

5114

7550

15.91

13.15

8.46

14.82

9.21

13.72

0.37

0.395

0.384

0.42

0.382

0.387

kU >

90.9

78.9

48.5

164.7

107.3

97.8

Yc mm

4.7

4.7

4.8

9.6

9.6

6.3

yo mm

0.167

0.174

0.169

0.320

0.327

0.221

kg mm

5.01

5.22

5.07

9.60

9.82

6.63

kgUyv

75.9

68.6

40.9

131.73

79.20

86.63

kg/k

0.835

0.87

0.85

0.80

0.82

0.88

mms'^
K

Table 5.2b

Flow and bed roughness conditions
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TEST

Bed Roughness

Position of
velocity origin
b elow
roughness tops
y^ mm

vA

k lQ l

k=1.15 mm
Sphere

0.35

0.30

klQ 2

k=1.15 mm
Sphere

0.45

0.39

klQ 3

k=1.15 mm
Sphere

0.45

0.39

k6Ql

k=6.0 mm
Sphere

1.30

0.22

k6Q2

k=6.0 mm
Sphere

1.30

0.22

k6Q3

k=6.0 mm
Sphere

1.20

0.20

kl2Q 2

k=12 mm
Sphere

2.40

0.20

kl2Q 3

k=12 mm Sphere

2.40

0.20

k9Q4

k=7.48 mm
(9 mm Pebbles )

1.18

0.16

Grass(1967)

k=2.04 mm Sand

0.52

0.25

Grass(1967)

k=7.62 mm
(9 mm Pebbles)

1.14

0.15

Table 5.3 Position of velocity origins below the average roughness tops
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Average tops of
the roughness
elements
glass
datum
Velocity origin
[Clauser method]

GLASS BED

Fig. 5.1a

Positions of the vertical measurements and axes
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Cross-channel velocity profiles - 6mm rough bed y/D=0.5
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Velocity profiles for the smooth bed tests
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Fig. 5.7

Near the bed velocity profiles for the smooth bed tests
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Reynolds stress and total stress distributions for the smooth bed tests
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Fig. 5.9

Velocity profiles with the glass datum as origin for all the kl tests
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Fig. 5.10

Velocity profiles with the glass datum as origin for all the k6 tests
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Fig. 5.11

Velocity profiles with the glass datum as origin for all the kl2 tests
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Fig. 5.12

Velocity profile with the glass datum as origin for the k9 tests
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Fig. 5.13

Examples of spatial variation in the velocity profile near the roughness
tops. Measurements taken directly above the roughness element, at the
trough, and at equal spaces between (The average value is also
indicated) a) K6Q2
b) kl2Q2
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Fig. 5.14 a, b) Origin location plots for klQl and klQ2 tests
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Fig. 5.15 a, b) Origin location plots for klQ3 and k6Ql tests
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Fig. 5.16 a, b) Origin location plots for k6Q2 and k6Q3 tests
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Fig. 5.17 a, b) Origin location plots for kl2Q2 and kl2Q3 tests
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Total stress and Reynolds stress distributions for the k9 test
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Mean velocity profiles U/U^ plotted as a function of wall distance
y U / v for ail the tests with the Q1 flow rates
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Mean velocity profiles IJ/U^ plotted as a function of wall distance
y U / v for all the tests with the Q2 flow rates
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Mean velocity profiles U/U, plotted as a function of wall distance
y U / v for the k9Q4 test
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CHAPTER 6
EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

6.1 INTRODUCTION

This study set out to investigate the influence o f roughness on the bursting
phenomenon and, in particular, on the scale and production of associated coherent
structures in turbulent boundary layers. To undertake this investigation attention
was concentrated on measurements o f the instantaneous spanwise velocity
distribution over rough beds at various positions above the bed. The objectives
were, firstly to establish the existence or otherwise o f any transverse streaky
structure, and secondly to measure any dominant lateral spacing wavelength. As
discussed in chapter 1, the spanwise velocity distribution - consisting of alternate
zones of high and low-speed fluid - has been observed over smooth walls in the
viscous region and extending into the logarithmic region. The knowledge obtained
from the study o f low-speed streaks, and particularly from their links to threedimensional vortical structures, has played a major role in shaping our current
understanding o f the mechanics of turbulent boundary layers.

This study aims to extend this knowledge to embrace the scale and the production
of coherent structures in rough boundary flows, as the vast majority of previous
studies have been limited to smooth boundary flows.

Introducing roughness

increases the number of physically influential variables and further enhances the
flow complexity.

In order to cany out a comprehensive experimental study, a

representative range of roughness sizes has to be considered, and the shape o f the
roughness elements has to be taken into account.

Consequently, any complete

study examining the spanwise velocity fluctuations at different positions above the
bed would require an enormous number o f experiments.

This study has, of

necessity, had to be selective in limiting the quantity of experiments to a realistic
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and achievable, but still useful number, covering a representative range of
hydrodynamic boundary conditions.

The water depth was chosen to be 50 mm and was kept constant throughout the
study.

The reasons for this were twofold:

firstly to maintain continuity with

earlier turbulence structure studies carried out at UCL; and secondly to keep a
reasonably low depth-to-width aspect ratio for the purpose of reducing secondary
flow.

In the case of the smooth bed it has been found in a large number of previous
studies (see Smith & Metzler (1983)) that the non-dimensional average spanwise
streak spacing is essentially invariant over a relatively wide range o f low to
moderate Reynolds numbers. In the present study three different flow rates were
employed to enable further conclusions to be drawn concerning any streak spacing
Reynolds number dependency. The values o f the mean flow rates used in the
present experiments were restricted in practise by the need to produce hydrogen
bubble tracers of sufficient quality for analysis. Previous investigations by Grass
(1967) in a comparable quality of water at the same flow depth, suggested that the
optimum flow velocity was in the region o f 150mm/s. This velocity value was
also used by Stuart (1984) and was taken as a central design flow rate in this
study.

As it was required to use a range of Reynolds numbers, however, the flow velocity
was increased from the benchmark value and the quality of the hydrogen bubble
lines closely observed until the maximum flow velocity producing adequately
coherent bubble tracer lines was obtained. Having thus identified and fixed an
upper velocity limit over the glass plate of approximately 220 mm/s, an
appropriate lower limit velocity was similarly obtained, so that the three flow rates
were reasonably equally spaced.

Depending on the roughness size and the flow rate, rough beds either fall into the
hydrodynamically transitional or fully rough regime.
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Considering the limited

number of tests to be made, the lack o f previous measurements and the greater
importance to practical civil engineering, it was decided to concentrate more on
the fully rough conditions.

Having selected the flow rates, it was possible to

deduce what size roughness would produce what type o f roughness condition, and
three of the four rough beds used in this experiment (with details given in chapter
4) were chosen to be mainly in the fully rough region. However the smallest
roughness considered was specifically chosen to be just transitional.

This meant

that the streaky structure could be examined at the point where the bed deviates
from being a totally smooth surface.

This small roughness case provides

extremely useful information in the early transitional region at the critical stage
where the roughness geometry first begins to interact with the viscous dominated
flow structure at the wall.

6.2 HYDROGEN BUBBLE EXPERIMENTAL PROCEDURE

For every visualisation test the hydrogen bubble wire had to be adjusted to ensure
its position at exactly 90** to the mean flow direction and parallel to the bed. The
probe was designed so that the whole of the lower section, holding the wire, could
rotate (see Fig 6.1). With the aid of a specially made set square, attached to the
wire probe, the wire was established to be at exactly 90^ to the side wall, and
hence to the flow. In each test, smooth or rough bed, a flat glass plate was always
used as a horizontal reference datum.

This plate was also used for the task,

carried out prior to each test, of adjusting the wire exactly parallel to the bed.

At the connection of the perspex frame holding the wire support and aluminium
support rod (connection A), two screws were provided (see Fig 6.1): screw C,
rotating the frame clockwise, and screw B, rotating the frame anti-clockwise.
Using the micrometer adjustment, the wire was slowly lowered until the support
on one side of it just touched the surface o f the glass plate datum. Then, using
screw C or B the frame was rotated until it appeared parallel to the glass datum.
The wire could now be lowered further until one o f the wire supports touched the
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glass datum.

This prcx^ess had to be repeated until, eventually, both supports

holding the wire touched the glass plate simultaneously. At this point, the precise
0.5mm grooves set into each of the perspex segments at the end o f wire-holding
supports, ensured that the wire was exactly 0.5mm above and parallel to the glass
plate datum (see Fig 5.7).

Having secured the probe in this position by tightening screw D (see Fig 6.1), the
micrometer on the upper section of the support was zeroed. Subsequently the wire
could be exactly positioned at a given vertical distance above the datum, simply
by using the micrometer. Once the micrometer had been zeroed the clamp E (see
Fig 6.1) was tightened with the aluminium block resting on the micrometer’s end,
and clamp F was finally tightened to secure the probe firmly in the desired
position.

6.3 VISUALISATION PROCEDURE

For the purposes o f this study, the ideal visualisation system would have been a
high resolution, high-speed video system with image processing facility. While
such a system would potentially have provided continuous and auto-analyses of
the visualised images of the evolution o f the relevant structures in time, the
necessary equipment was unfortunately unavailable for regular use in this study.

As the main purpose of this study was to examine the influence o f roughness on
streak spacing, a single frame, discontinuous photographic technique was
considered sufficient. A Nikon FI SLR camera with a standard 50 mm lens was
used to produce high quality photographic images o f the visualised flow, which
were digitised using the system discussed in chapter 4.

Even though this high quality camera is likely to produce a reasonably true image,
possible distortions in both the streamwise and, more importantly, the spanwise
directions had to be identified and corrected for. Firstly the camera was clamped.
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absolutely level, at a distance of 30cm above the bed with the centre o f the lens
directly above the hydrogen bubble wire. In this way, possible distortion o f the
tracer lines in the streamwise direction by the lens was minimised.

Secondly, in order to identify and correct refractive spanwise distortion, a perspex
sheet was prepared showing an accurate grid with 5mm spacings in the streamwise
direction and 10mm spacings in the spanwise direction. This sheet was placed at
the position where the visualisations would take place, resting on the datum glass,
immediately downstream of the roughness elements (in the case o f the rough
beds). The grid was then photographed with the camera set up exactly as for the
flow visualisation tests - and this image was analysed to establish the extent and
nature of the distortion. An example of the image o f the grid is presented in Fig
6.2. The grid distances on the image were digitised and it was found that the
maximum refractive distortion from the centre to the edge of the image was o f the
order of 5%, in both the spanwise and streamwise directions.

While this small distortion in the streamwise direction could be tolerated (as it is
not directly relevant to the transverse wave length measurements under study), the
slightly reducing scale from the centre to the transverse edge o f the image would
affect the X measurement by introducing an error o f the same order. To avoid
this, it was necessary to adjust the digitised tracer line in accordance with the grid
calibrated scale.

The number o f individual frames in each visualisation set (ie. for each position of
the wire in every test condition) which needed to be considered to obtain statistical
certainty had to be decided in advance.

The number o f frame samples to be

considered in general, depends on the number of expected velocity oscillations in
each individual frame. This depends on the spanwise distance which is visualised
in each frame. In a similar study of the streak spacing over smooth beds by Kline
et al (1967), only 31 individual frames were considered for each case. Smith &
Metzler (1983) considered 45-60 frames o f data, with a field o f view o f the order
of

= 500-600.

In comparison, the spanwise distance considered in each
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visualisation frame in this study, was

=1000-2000. In the smooth wall case

with yC =100, the present experiments required a frame sample o f 25 to match the
sample size used by Smith & Metzler (1983), ie. 300-500 wavelengths in total is
considered adequate to provide statistical stability. Each individual frame typically
covered 10-20 wavelengths, sufficient to produce a well defined peak in the
spacial spectmm for individual frame X determinations.

In order to check this reasoning, 35 frames were taken for the test condition SQ3
with the hydrogen bubble wire placed at 0.5mm above the bed, and the
visualisation results were carefully analysed. In the case o f turbulent boundary
layer over a smooth bed with the wire positioned in the sub-layer, obtaining a
value of ^^=100 is well established (as can also be seen from Table 6.1).
Therefore with the expected result known, it was possible to monitor the
performance of various analytical techniques. Using this number o f frames, both
statistical and visual approaches (described in the following section) yielded a very
similar and acceptable result (see Tables 7.1, 7.2,) with a high level of certainty.
In short, 35 frames is not only compatible with other similar studies, but also
highly practical, as each visualisation series can be recorded on one roll of film.

6.4 DATA ANALYSIS

6.4.1 INTRODUCTION

In order to obtain information about the low-speed streaks, derivation o f the
absolute values of the spanwise velocities was unnecessary and measurement of
the relative spacial distribution of the velocity sufficient.

As a result, the

information provided directly by the flow distortion of a tracer line in the
visualisation photographs was ample. To obtain the actual velocities, the position
of a tracer line had to be recorded in relation to the wire and wake correction
consideration had to be applied to each case. The problem of establishing absolute
values of velocity and wake correction is discussed by Stuart (1984) and Grass
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(1967).

As manual digitisation is an extremely lengthy process, such

complications would reduce the number o f cases which it would be possible to
analyse in this study. It was therefore decided to sacrifice this particular aspect
of information in order to maximise the number o f conditions considered - and
hence gain a broader insight into the generality o f the result.

The simplest approach towards the investigation o f low-speed streaks is to employ
a visual counting technique, as discussed in section 6.4.2.

This method is

potentially highly subjective and, depending on the ‘ground rules’ could yield a
varying result. In the cases of wire position near the boundary - especially in the
smooth wall tests - the identification of the low-speed streaks is relatively easy,
but this is not true of the tests with larger roughnesses. Here, the visualisation is
more confused, making the identification less certain. The method is, however,
useful to verify the performance of other statistical methods, as the results o f the
more readily identifiable test conditions (ie. smooth tests near the boundary) can
be used for comparison.

With the aim of overcoming the uncertainty and subjectivity o f the visual study,
it was also decided to concentrate on statistical analysis to determine the value of
X.

The spatial spectral analysis used in this study is discussed in section 6.6.

Similar statistical techniques have been used in comparable studies o f smooth wall
boundary flow, including that o f Kline et al (1967), thus demonstrating that the
underlying spatial wavelength can be extracted by objective statistical means.

In order to cany out any statistical analysis, it was necessary to digitise the
individual tracer lines which represented a spatial velocity distribution.
digitised line could then be treated as a time-series, amenable to

Each

analysis by the

various spectral analysis routines commonly used in communications theory and
statistical turbulence theory. The digitisation process is described in section 6.5.1.
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6.4.2 VISUAL COUNTING METHOD

The hydrogen bubble tracer lines directly reflect the velocity field. Regions of
high and low velocity can therefore be visually identified, as the tracer lines in the
low-speed region are retarded and closer together and in the high speed regions
are further apart. In other studies, including Nakagawa & Nezu (1981) and Smith
& Metzler (1983), visual identification o f the low-speed streaks has been used to
obtain a measure o f their average spacing in a turbulent boundary layer over a
smooth wall. In the study carried out by Smith & Metzler (1983), the following
criteria were used to identify the low-speed streaks:

A streamwise concentration of bubbles, indicating an extended region of low
streamwise velocity (closely spaced bubble lines) had to be present, well defined
and with a streamwise extent o f at least Ax^=50. If a streak appeared to terminate,
and its upstream end was more than Ax^=50 downstream o f the wire, it was not
counted.

There was no restriction on a minimum spanwise spacing unless it

appeared that the two streaks had completely merged (ie. had no well defined
high-speed region between them), in which case they would be counted as one.
The visualisation consideration took place at a location Ax^=50 downstream of the
bubble wire.

While working with a set of defined criteria goes some way towards reducing the
subjectivity o f the study. Smith & Metzler also took further steps to increase the
certainty of the result. Three different individuals were required to examine each
visualisation frame independently, with any discrepancies in the identification of
streaks then resolved by joint discussion with reference to the visualisation in
question.

In this study, visual counting was undertaken, using the Smith & Metzler criteria
as guidelines, but since only one person was available to analyse the visualisations,
the result was open to criticisms of individual bias. It was also found that, in the
case of large roughnesses with the wire at some distance above the bed, the
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increase in the actual size of the streaks and the reduction in the difference
between the low- and high-velocity regions made visual identification more
difficult and less reliable.

6.5 DIGITISATION AND PREPARATION OF DATA

6.5.1 DIGITISATION

Due to the fact that a more sophisticated and automated digitisation system was
beyond the budget of this study, the tracer lines had to be digitised manually using
the system described in Chapter 4. This manual method o f digitising over 1,200
frames, was so time-consuming that it inevitably imposed some limitations on the
scale of the project.

Each visualisation set (for a given test condition and wire condition) was selfcontained on a role of uncut 36mm film, including one scaling firame. The roll of
film was secured in the spool of a projector and, with the image reflecting off a
mirror onto the digitising table, it was focused using the projector lens adjustment
(see Fig 6.3).

This set-up did not require alteration throughout the film’s

digitisation, so that every frame in each visualisation set had the same scale as the
scaling frame digitised for that set. The grid points were digitised by the digitizer
cursor equipped with a cross hair. The digitisation o f the hydrogen bubble lines
was achieved using the stylus pen, with the tablet set to operate in continuous
mode. The image of the tracer line had to be followed extremely accurately by
the pen, without deviation or elevation from the surface, as loss o f contact between
the line and pen would mean starting again.

The digitising tablet was connected directly to the computer and an interface
programme was written, capable of reading the data sent by the digitising unit into
a datafile on the computer. This programme was written in Basic, the listing of
which is given in Appendix B.
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6.5.2 PREPARATION OF THE DATA

Before the datafile could be used for spatial spectral analysis, it had to be scaled
and processed into readily analysable form. A data processing programme was
written for this purpose (see Appendix B). Using the data obtained from the
scaling grid, each tracer line was scaled accordingly, to eliminate the spanwise
distortion. In order to undertake the spatial spectral analysis, the digitised co
ordinate series must be equally spaced, so the digitised points expressing the
velocity fluctuations along the z-axis had to be equally spaced.

Due to the

digitising tablet’s mode of operation, the spacing between the points (Az), on the
digitised line was not always automatically equal.

In these instances, the

programme successfully re-ordered the data, ensuring the Az spacing remained
constant, using an iteration routine.

For any visualisation set, even though the tracer line digitised in each frame was
the nearest to the wire, there was no guarantee that the actual position o f the tracer
line in each frame was exactly the same. As a result the amplitude of the tracer
line undulations reflecting the velocity fluctuations differed from frame to frame.
However, since the actual velocity fluctuations are not to be calculated and only
the spatial distribution of the fluctuations is o f interest to this study, the data from
each tracer line was zeroed about the mean, and the sum of the square root o f the
square of the fluctuations equated to one. In this way, all the tracer lines in a
visualisation set were normalised and rendered directly comparable.

6.6 SPATIAL SPECTRAL ANALYSIS

6.6.1 INTRODUCTION

Spectral analysis is a well established statistical approach towards determining the
frequency response of a process, generally with the process or the event varying
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as a function o f time.

Time-series spectral analysis has been developed

extensively by workers in communication theory.

The theory o f stochastic

processes (random functions) has been applied to many different problems in the
engineering field, including the study of sea waves and statistical turbulence theory
(Hinze (1975)). The subject of random data and methods of spectral analysis has
been covered by many standard text books, of which Newland (1976) and Bendat
& Pearsol (1971) are good examples, and have been used as references for this
study.

A process which is to be analysed using spectral analysis does not necessarily
have to take time as the independent variable - as long as it can be expressed in
a similar way. In this study, the spanwise velocity fluctuation (indicated by the
shape of the tracer lines) can be considered as a random process, with spanwise
distance as the independent variable (see Fig 6.4).

Drawing a parallel with

spectral analysis procedures of a time-series, but substituting distance for time, is
known as spatial spectral analysis. This approach was employed by Kline et al
(1967) to analyse the spanwise velocity patterns obtained using a hydrogen bubble
technique over a smooth boundary.

6.6.2 AUTO CORRELATION

The auto-correlation of

random data describes the general dependence of the

values of the data at one time on the values at another time, which can equally be
applied to spatial positions. The auto-correlation R(A) for a random process u(z),
is defined as the average value of the product u(z)u(z +A). The process is sampled
at distance z and then again at distance z+A, enabling calculation o f the average
value of the product for the ensemble.
N-1

R (A )=(1/N )E u(z)u(z+A)

6.1

2=0

Where N is the total length o f the sample. Provided that the process is stationary,
the value of R(A) will be independent o f absolute distance z, and will depend only
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on the distance separation, A.

Several features o f correlations are helpful in obtaining information about turbulent
structure. A definite turbulent structure is the persistence o f a fluid pattern over
which the turbulent velocity bears some relationship or is correlated. The auto
correlation function of a totally periodic function with a wave length X is also
periodic with max correlation occurring at A=X,2X,..,.

The deduction of

information about a random process from its auto-correlation, however, is not
always straightforward. The correlation at two points is unaffected by structural
features with length scales smaller than the separation distance, but positive
contributions are made by fluid motions with scales larger than the separation
distance. The near periodicity in the R(A) function indicates the existence of a
relative periodicity in the u(z) trace.

The inference, however, of a specific flow structure from a single calculated
correlation coefficient function is a difficult task - since more than one structure
can give the same correlation coefficient. Detailed observation o f the flow pattern,
in conjunction with correlation consideration, could be a helpful tool towards
yielding useful results from the correlation study. This approach was used by
Schraub & Kline (1965) in their pioneering work on identifying the average streak
spacing over a smooth bed. They deduced that the transform function o f the R(A),
obtained by a Fourier transform process, shows a corresponding peak at the
dominant wave length of this periodicity. This dominant wave length was found
to correspond closely with the average spacing between low-speed streaks as
determined by the visual method.

Obtaining the transform function was thus

established to be a more useful approach towards deducing the actual value of the
average streak spacing.

As discussed by Kline et al (1967), the result of

individual frames could be ensemble averaged, resulting in a value o f average X^
which would be more representative and offer a higher degree o f statistical
reliability. In this study the mean of all the dominant wave lengths obtained from
the individual realisations,

is also obtained as an alternative measure of the

average streak spacing for comparison with the other methods.
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6.6.3 FAST FOURIER ANALYSIS

A single digitised tracer line which is a single resolution o f spanwise velocity
variation, u(z), can be regarded as a ‘discrete time series’.

The ‘classical’

approach to determining the underlying spatial frequencies in the spatial velocity
variations, is to represent the correlation coefficient, R(A), by a Fourier integral
representation. The Fourier transform of a discrete series x(r), r=0,l,2,3...(N -l) is
given,by
N-1

X (l)=(l/N ) E

r=o

6.2
1=0,1,2,3,...(N-1)

Therefore the spectral density, S(f), of the velocity variation, u(z), is obtained by
calculating the Fourier transforms of their corresponding correlation functions.
N-1 f

E

N-1

1

I ( 1/N)32(u(z)u(z+A)) Je‘^(27tfz/N)
6.3
f= 0 ,U ,..(N -l)

By re-arranging the terms it becomes clear that it is not necessary to calculate the
auto-correlation function and the spectral density is obtained directly from the
original series.
N-1

N-1

S (f)= (l/N ^ )E E
A=0

z=0

6.4
f= 0,l,2,..(N -l)

The magnitude o f the S(f) is proportional to the relative presence o f the frequency
f(cycle/mm) in the velocity pattern. The wave length X = 1/f, and therefore the
result, is presented in terms of S(k) against physical length dimension X.
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Instead, however, of following the formal mathematical route, it is possible to
reduce the calculation by using in comparison an enormously fast Fourier
transform (FFT) routine. The FFT works by partitioning the full sequence into a
number of shorter sequences, and then calculating the discrete Fourier transform
of the original result by combining the results o f shorter sequences. Consider the
Fourier transform represented in the equation 6.1. B y separating the odd and the
even terms, the equation can be rewritten as.

# )-i

\

(%)-i

X (l)=(l/N )l H

r=o

r=o

6.5
1=0,1,2,3,...(N-1)

Now if we divide the original series x(r) into two series; a(r) where a(r)=x(2r) and
b(r) where b(r)=x(2r+l), 6.5 can be rewritten,
&i)-^
r=o

\

r=o

6.6
1=0,1,2,3,...(N-1)

If the original number of samples N, in the series x(r) is a power of 2, then the
half-series may themselves be partitioned, and so on, until the last sub-series have
only one term each. Using this method the number of calculations required is
reduced from

to N(lnN). The FFT method therefore offers a reduction in the

computer time and, more importantly - thanks to the reduced number of
calculations - an increase in accuracy. Full details o f this method, and the relevant
mathematical approach, appears in standard text books eg. Newland (1976) ,
Bendat and Pearsol (1971). A brief description o f the computer routine and the
Fortran programme written to perform the analysis is also given in Appendix C.
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TEST

Ree

U
mm/s

mm/s

mm^/s

U x

V

Schraub & Kline

1080

152

7.0

0.94

91

(1965) y+= 5

1325

152

6.9

0.89

106

Lee et al(1974)

1735

-

-

-

106

(Pipe flow )

1860

-

-

-

105

Gupta et al (1971)

2200

-

140.2

14.7

97.5

Flat plate air

3300

-

225.6

14.8

89

y"=2-7

4700

-

327.7

14.8

110

Achia & Thompson

327

249

15.2

1.0

88

(1976)

545

415

24.5

1.0

79

(pipe flow,water)

725

553

32.5

1.0

93

Oldaker &

298

169

11.8

1.08

93

Tiederman(1977)

312

174

10.2

0.83

99

dye slot

375

335

18.6

133

105

(channel flow)

404

287

15.6

1.32

108

water

480

174

10.2

0.82

99

Nakagawa & Nezu

750

100

5.0

1.044

100

(1981) y+=4

500

66

3.3

1.044

103

Smith & Metzler

740

121

5.7

1.020

101

(1983)

1450

166

7.1

1.050

104

y+=2-10

1490

282

12.2

1.025

102

water channel

2020

221

9.4

0.942

87

2170

189

7.8

0.744

100

2260

274

13.0

0.693

98

3310

305

12.1

0.724

104

4180

387

15.0

0.695

93

4940

475

18.1

0.698

97

5830

582

22.0

0.702

95

Mansour-Tehrani

1278

260

11.0

1.07

102

Present study

1082

186

8.5

0.94

105

y+=4.5-6.5

742

116

6.1

0.94

101

Table 6.1

Comparison of the average low-speed streaks spacing
smooth wall
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The wire probe

WIRE

Fig. 6.2

The image of the scaling grid
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a)

b)

Fig. 6.3

The digitising system; a) showing the projector (on the right of the
picture), the Benson digitising tablet and the computer, b) The cursor
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I) Hydrogen bubble tracer lines depicting an instantaneous spanwise velocity fluctuations
I----------------------------------------------------------- 170 m m --------------------------------------------------

tracer line digitised]

I) Visual identification of the low-speed streaks;
The mean value of the spacing between the low-speed streaks is obtained
from the consideration of 35 independent spanwise velocity realisations

II) Preparation for spatial spectral analysis;
a) The tracer line is digitised using the Benson digitizer
b) The scale alteration (by the camera ) is corrected.
c) The tracer line’s fluctuations arc normalised and the mean value is subtracted.
d) The interval between the digitisation points is made equal

N

3

00

-

2^' equally spaced data points

III) The dominant spacing of the
fluctuations is obtained from the
spectral density function (S(X)) of
ul(z) calculated using the Fast Fourier
transform method. The results from 35
velocity realisations is combined to
obtain the mean X spacing

^
CO

X mm

Fig 6.4

The procedures for the determination of the low-speed streaks spacing
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CHAPTER 7
PRESENTATION AND DISCUSSION OF RESULTS

7.1 INTRODUCTION

Following the procedures described in chapter 6, a series o f flow visualisation sets
were obtained, depicting the spanwise flow characteristics of the chosen flow
conditions. Examples of the flow visualisations used in this study are presented
in this chapter (Figs 7.1-7,11). All the visualisations are plan views with the flow
running from the bottom to the top of the picture, and with the hydrogen bubble
wire located normal to the flow. The vertical position o f the wire for each set of
photographs is indicated in the smooth tests as a distance, y^ , from the bed, and
in the rough tests as a distance, y^, from the average level o f the tops o f the
roughness elements.

The visualisation sets were subsequently analysed, using the various methods
discussed in the previous chapter, in order to obtain an estimate o f the average
spacing of the low-speed streaks together with further information about their
spanwise characteristics. The test conditions and the wire positions for which the
visualisation sets were analysed are indicated in table 7.1. This table also contains
the results of measuring the average spanwise spacing o f the low-speed streaks as
obtained by each of the three methods discussed in chapter 6, namely:

1) The ensemble averaging o f all 35 individual spectra

o f a visualisation series

to obtain the ensemble averaged spectmm (see Figs 7.12 -7.17), and the
subsequent use of the peak as the average spanwise spacing,

2)

Taking the mean of all the peak values o f the 35 individual spectrums to

indicate the average spanwise spacing, X^.
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3)

Using the visual counting technique to obtain the average value o f the

spanwise spacing, Xy.

The visual counting method also yields further information about the distribution
of the X spacing. Thus, Table 7.2 also contains the values o f standard deviation
coefficient of variation Yx* skewness S \ , and flamess

for statistical

comparison of the distributions, while Figs 7.18 - 7.21 show the distribution o f the
spacing in comparison to the log normal distribution.

In this chapter, furthermore, the relationship o f the average spanwise spacing of
the low-speed streaks with an eddy viscosity scaling parameter is explored.
Valuable information is deduced to support growing belief in the generality of
coherent stmctures, irrespective of the wall conditions. The nature o f these results
and their far-reaching implications are then discussed in the remainder o f the
chapter.

7.2 LOW-SPEED STREAK SPACING

Having obtained the flow visualisation sets, various methods were available, as
discussed, to measure the average low-speed streak spacing.

Inevitably, each

method will result in a different value o f average spacing, as demonstrated by the
slightly differing results obtained from the three methods selected and shown in
Table 7.1. It can be seen, however, that the values of average X obtained by all
three methods are reasonably close, and that the 20-30% difference which had
been observed by Schraub & Kline (1965) between visual and spectral results is
not apparent.

The visual counting method yields highly pertinent results as it is based on the
actual physical measurement of the spacing between directly observed individual
low-speed streaks. The distribution and the average spacing is therefore obtained
from direct measurement of the phenomenon under study. However, the ‘ground
159

rules’ adopted for visual determination o f the presence and position o f the lowspeed streaks, together with the individual interpretation o f the visualisation
analyser, introduce a degree of subjectivity which can lead to variation and
inconsistency between different studies.

This shortcoming was also recognised by Schraub & Kline (1965) among others,
who consequently sought an alternative and less subjective method.

Spatial

spectral analysis, as discussed in section 6.6, was first adopted by them for the
purpose of measuring streak spacing, but gave rise to variations o f up to 30%
against the results produced by visual counting.

In this study however, as

demonstrated in Table 7.1 , the variation between the results o f the two spatial
spectral analysis methods and the visual counting method has been reduced to
between 5 and 10%

This could be due to the larger sample length used, a

possibility also suggested by Smith & Metzler (1983).

In view of the minimal degree of variation between the three values of X
ascertained in this study, it has been decided to base discussion o f the results on
the value produced from the ensemble average spectrum method described in 1)
above (

).

This has been selected as being the most objective method. In the

general discussion of results which later follows therefore, X is taken to represent
A,; - the ensemble average measurement.

7.3 SPANWISE DISTRIBUTION OF STREAKS

In order to examine the spanwise distribution o f low-speed streaks, the visual
counting results were used to establish distribution histograms as shown in Figs
7.18-7.21.

In order to characterise the streak distributions statistically, the

standard deviation, the coefficient of variation, the skewness and the flatness were
determined using the following equations:

Standard deviation;

a;^=[(n-l)'^ S(A.rA.v)^]^^
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7.1

Coefficient of variantlon;

7.2

Flatness

7.4

Fx=[(n-1)'^

These values for each distribution are indicated in Table 7.2.

Using the log

normal function given in chapter 2 (equation 2.1) for each histogram in Figs 18 21, the log-normal probability function (with the same mean and coefficient of
variation) is also plotted. It can be seen that all the histograms are reasonably
represented by the log-normal function. In fact, the only distribution which does
not behave as a log-normal function is (kl2Q2, yi=1.5mm) which, as will be
discussed, is close enough to the roughness elements to remain directly influenced
by the local effects of the individual elements.

This examination of statistical properties indicates that all the distributions for
transitional and fully rough tests, away from the immediate and localised effect of
the roughness elements, are essentially very similar, and are comparable in this
respect, to previous studies of smooth wall flows.

All the distributions, regardless of wire position and wall condition, possess a
moderate positive skewness, 0.68< S \ <1.1 , and at 3.5< F^^ <4.5, are slightly
more peaked than a Gausian distribution (F^=3.0).
for all the tests was 0.35<

<0.45.

Moreover, the range of

Fig 7.22 shows the variation of

with

distance from the wall for all the tests, smooth and rough boundary, carried out
in the present study. In this graph the wall distance is non-dimensionalised using
an ‘eddy viscosity’ concept which is explained in the section 7.7 o f this chapter.
Fig 7.23, showing the values of

S \ and F^ , obtained by Smith & Metzler

(1983) for smooth wall test Re@ =2030 superimposed on the smooth wall results
161

of this study, provides a clear illustration o f their extreme closeness. The value
of \|/;^ was given by Oldaker & Tiederman (1977) as 0.36 and by Schraub & Kline
(1965) as G.3-0.4, both of which are also similar to the findings o f the present
study for smooth and rough flows.

For all the bed roughness conditions, the streak distribution widens with the
increase in the vertical position of the wire. This is clearly demonstrated in Fig
7.20 b and c, and in the increase in the value o f
with respect to X^. The increase in

with respect to y, and therefore

with distance from the smooth bed has been

observed by previous studies and is demonstrated in Fig 7.24. The same graph
also contains the results of this investigation concerning the smooth wall case,
showing their comparability to the existing data.

However, the results of the

present study clearly demonstrate a similar increase in the value

with distance

from the bed (see Table 7.2) for rough beds as for smooth.

Fig 7.25 a,b and c, which are comparisons of the probability density function
P(AAv), for a selection of tests, clearly demonstrate that despite slight variation,
the streak distribution remains essentially the same regardless o f bed roughness
condition or the vertical position of the wire. There is a similar slight increase in
the fiatness and the skewness with the increase in y^ for smooth and the rough bed
tests (Fig 7.25 a, b). A similar increase is also observed with the increase in the
size of the roughness (Fig 7.25c). Similar results for smooth wall condition were
also observed by Smith & Metzler (1983), as illustrated in Fig 7.25d.

7.4 SMOOTH WALL CASE

Some examples o f flow visualisations in the near wall region for the three flow
rates used over a smooth fiat plate are given in Figs 7.1 and 7.2. The comparison
of these visualisations demonstrates clearly that low speed streaks occurring at
different Reynolds numbers are essentially invariant in basic characteristics. The
range of Reynolds numbers considered in this study, given in terms of the
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momentum thickness 0, (in order to be comparable with Table 6.1) were Re@
=750-1250.

The primary differences in the appearance o f these sets of

visualisations arise from variations in the lighting level variations, hydrogen bubble
tracer generation frequency and pulse width.

Observation o f these flow

visualisations indicates that the dynamic behaviour o f the streaks is also essentially
invariant with the Reynolds number, as previously concluded by Smith & Metzler
(1983).

Variation in streak spacing with distance from the bed for a flow over a smooth
surface has been considered by many researchers.

The two most apparent

characteristics were the increased mean streak spacing for y*^ > 5 and a broadening
of the streak distribution with increased distance from the bed. It has been shown
by Smith & Metzler (1983) and Nakagawa & Nezu (1981) that beyond the viscous
sublayer (y^ = 5) the streak spacing appears to asymptote towards a linear scaling
with distance from the wall. Such an increase in spacing is to be expected since
both dimensional analysis and the universality o f the logarithmic shape o f the
mean velocity profile indicate that the length scale o f the turbulent structure in the
wall region (y"^ > -3 0 ) should scale with y"^.

Fig 7.24 shows some of the results found in the literature for y^<30.

The X*

appears to be relatively unchanged up to y"^ « 5, and then gradually increases with
y"^. Fig 7.26 shows the mean spacing

versus y+ taken from Nakagawa & Nezu

(1981), and reinforces the result of the previous graph. It also shows that the
mean spacing
a relation of

increases gradually in the region o f y"^ > -3 0 and then approaches
=2y^ in the outer region.

The results of the smooth tests obtained in this study are also plotted on graphs
(Fig 7.24 and 7.26), illustrating a very close correspondence with other published
results.

The increase in streak spacing was visually observed and for the case o f SQ3 with
the wire at y=6mm (y'*'=38.7) the average streak spacing was determined using
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both visual counting and spectral analysis techniques. Although the identification
of the streaks became more difficult with the increase o f the wire distance from
the bed, thus increasing the subjectivity o f the visualisation analysis, the results
obtained did correspond reasonably well (within 10%) with the spectral analysis
results (see Table 7.1). It can therefore be assumed that the streak distribution
given in Fig 7.18d is a representative distribution o f the streak spacing and that V
has increased to approximately 211. The increase in V and subsequent widening
o f the streak distribution (demonstrated in Fig 7.21c), is in agreement with
previous results on the subject.

7.5 TRANSITIONALLY ROUGH BOUNDARY

The least rough bed used in this study was made from 1.15mm roughness
elements. With the three flow rates used, the non-dimensionalised roughness sizes
were 13.6, 11.6 and 7.9, with k'^ of larger than 5, indicating that the roughness
protrusions extend partly outside the sublayer, therefore introducing additional
resistance to the flow and influencing the production o f turbulence.

The study of the near wall visualisations o f the flow over this surface (examples
given in Figs 7.3 and 7.4) where for k l Q l the wire was at y=0.5 (y^=5.9), for
klQ 2 the wire was at yi=0.5 (y^=4.9) and for klQ 3 at y = l (y^=6.9), indicated a
very similar flow structure as for the smooth wall. The streaks were not only
present, but demonstrated very similar dynamic behaviour and spacing. This was
to be expected as the bed was just transitionally rough, creating a minimal
roughness effect.

Nevertheless, quantitative analysis showed that the average

streak spacing had increased for all the three flow rates - although the increase
was no longer invariant with the Reynolds number in the cases o f test k l Ql ,

r=127 (y+=5.9), test k lQ 2 ,1^=115 (y+=4.9), test k lQ 3 ,1^=110 (y+=6.9).

For the three tests mentioned, the y"^ values are not constant but close enough to
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conclude that X*' is increasing with the rise in flow rate.

This result perhaps

contradicts the invariancy with Reynolds number which was observed for the
smooth case.

It should be remembered, however, that in the case of a

transitionally rough boundary the effective roughness actually increases with the
increase in the flow rate (even though the actual roughness size remains constant).

Low-speed streaks were observed to persist for long periods, indicating the
relatively large spanwise dimension of the streaks. As in the smooth flow, streaks
were observed to meander in a sinusoidal manner with the extent o f the
meandering less than the average spacing o f the streaks. In the smooth boundary
flow the magnitude of this oscillation is observed by Smith and Metzler (1983) to
be about half the average spacing of the streaks. The low-speed streak regions,
in both smooth and transitionally rough flows, were observed to be generally
smaller in width and also to exhibit a significantly lower velocity in comparison
with the high-speed streaks. This comparative difference between the velocities
of low- and high-speed streaks decreases with the increase in the distance from the
bed.

Another common feature was the occasional observation o f an apparent

branching and reconnection of the streaks.

The increase in streak spacing with the increase in distance from the bed y^ was
visually observed, and for test condition klQ 2, with the wire at y^ = 3.5mm
(y"^=34), the value of X was evaluated using different methods (see Table 7.1).
The visual counting method also ascertained the streak distribution (Fig 7.18h).
The X*' value has increased to X^»191, and the streak distribution can reasonably
be described as log-normal.

As can be deduced from the flow visualisation, this study o f the streaky structure
with the k l roughness beds suggests a consistency in the dynamic behaviour of the
flow structure. The streak pattern behaves in a similar manner to the smooth case,
although no longer scaling to the same parameters.

This indicates that the

presence of roughness therefore influences the scale o f the structures, but perhaps
not their form.
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7.6 FULLY ROUGH BOUNDARY

As discussed, two roughness beds consisting o f spherical roughness elements of
6mm and 12 mm diameter, and one rough bed o f 9mm naturally rounded pebbles
were considered. With the various flow rates utilised in this study (see Table 5.1)
all these cases were in the fully rough condition except k6Q3 with lq^=48.5, which
was still in the transitionally rough region. However, with a

value o f this

magnitude, the roughness protrusions extend well outside the viscous sublayer and,
therefore, in this case the roughness effect is still dominant. For this reason, it is
considered appropriate to discuss this case in the fully rough context.

Very near the roughness elements, the flow is dominated by the local effect o f the
elements themselves. In the Fig 7.7a visualisation (k6Q3 yi=0.5), the effect can
be observed quite clearly as immediately above the roughness tops the bubble
tracer lines respond to the three-dimensional velocity field and pick up the intense
small-scale disturbances in the separating flow round the individual roughness
elements.

Quantitative analysis of the tracer lines at such a position produces

results which directly reflect the size o f the roughness elements.

Figs 7.13a,

7.14a, e, and 7.15a show examples of the ensemble average spectrum for k6Ql
(yi=0.5 mm), kl2Q 2 (yi=0.5 mm), kl2Q 3 (yi=0.5 mm) and k9Q4 (yi=0.5 mm)
respectively, with corresponding peaks in the spectrums at 6, 12 and 7.8. This
result may also be taken as proof that the peak in the ensemble average spectrum
of spanwise velocity fluctuation truly depicts the mean wave length o f the
fluctuations. The result obtained from the 9mm pebble test (y^ =0.5) is especially
encouraging as, notwithstanding the random size o f the pebbles, the ensemble
average spectrum (Fig 7.15a) has a peak at 7.8 mm depicting the mean value of
the pebble widths nearest to the wire.

Because o f the variable size and the

geometry of the pebbles, the spacing between the ‘contact’ points o f the pebbles
with the wire is random and the mean value o f the spacing would, in practice, be
less than 9mm. The arrangement of the pebbles in relation with the wire can be
observed in Fig 7.10a. This case therefore, further bears out the effectiveness of
this method in relation to the parallel problem o f determining the average low166

speed streak spacing.

To achieve the objectives of this study, it was desirable to obtain flow
visualisations high enough above the roughness tops to exclude the localised effect
of the roughness elements and thereby depict the structure of the boundary layer.
The mean velocity obtained over the peak and the trough o f the roughness
elements, (examples of which are given in Fig 5.13 a and b, for the tests k6Ql and
kl2Q 2), shows that the velocity variation is reduced to about 5% at a distance of
1/3 o f the roughness element size above the roughness tops. The region up to the
lower limit of the logarithmic region can also be taken as a good indication o f the
extent of the influence of the individual roughness elements. The existence of
such a ‘roughness layer’, deduced from the logarithmic velocity profile is
discussed in chapter 5. From graphs 5.23-5.26 it can be seen that this roughness
layer can be assumed to be about a third o f the roughness element size above the
roughness tops - thus corresponding well with the previous finding. It should also
be noted that the extent of the roughness layer can vary with the shape o f the
roughness elements.

For each flow condition the wire was raised by small increments o f 0.5mm and
qualitative investigation was undertaken in order to determine the height at which
the flow was no longer dominated by the localised effects o f the roughness
elements.

The flow visualisations were observed closely to detect whether

persistent low speed streaks existed corresponding to the position o f the peaks of
the last row of the roughness elements. In test condition kl2Q 2 with the wire
positioned at 1.5mm above the roughness tops, a set o f flow visualisations was
analysed using spectral analysis, and yielded an ensemble average plot which no
longer had a pronounced single peak. There is a peak at 12mm which corresponds
to the roughness size and no peak corresponding to the average spacing obtained
by the visual counting technique. From these observations, it can be concluded
that the flow at this height is still strongly influenced by localised flow patterns,
generated by the individual roughness elements.
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The visualisation traces at a slightly greater distance above the roughness tops,
however, no longer exhibit the highly disturbed flow state which was observed
immediately above the roughness. In fact, the structure o f the flow appears to be
free of the influence of the localised flow field at approximately 1/3 o f the
roughness diameter above the roughness tops. Although this position could not
be exactly determined from the observations, it was decided that for the 6mm
roughness, the flow was reasonably clear o f disturbances caused by individual
roughness elements at a distance o f 2mm above the average roughness tops, for
12mm at a distance of 3.5mm and for 9mm roughness at a distance o f 3mm.

These observations unveiled a remarkable feature o f rough wall flow structure,
namely the ability to order itself very rapidly at a very small vertical distance
above the tops of the roughness elements. Furthermore, the flow visualisations for
all the roughness tests exhibited as well as the existence o f streaky structure, a
similar pattern of streaks behaviour, once away from the immediate surroundings
of the roughness elements.

At wire positions of 1/3 to 1/2 of the roughness size above the average tops of the
roughness elements, the flow visualisations demonstrated the existence o f similar
streaky patterns as those observed over smooth boundary layers, and the ensemble
average spectrum showed a well-defined peak. For these wire positions the streaks
were reasonably identifiable, especially for the slower flow rate Q3 (see Fig 7.7c,
d, for the k6Q3 test and 7.9d for kl2Q3). The corresponding streak distributions
(Fig 7.19g, h,) also demonstrates the existence of a similar log-normal streak
distribution as that observed for the smooth.

For the k6Q3 test which is still in the transitionally rough region, the appearance
of the low-speed streaks showed a stronger resemblance to the smooth and the k l
tests, with a relatively long streamwise persistence.

For the fully rough tests

however the streaks appear to have less o f a streamwise persistence, and to
oscillate in a more rapid and violent manner. An increase in the width as well as
in the spacing o f the low-speed streaks was also observed with the increase in
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roughness size, thus indicating an increase in the size o f the vortical structures
involved. Observations from above and from the side o f the channel also revealed
a noticeable increase in the size of the eruptions and the vertical distance to which
the near wall flow was ejected. The presence of more violent ejections over rough
beds have been previously observed and recorded by Grass (1967).

For the 6mm roughness three flow rates have been considered and the results
obtained for these cases (k6Ql, k6Q2, k6Q3) indicate that the average streak
spacing is reasonably invariant with the Reynolds number, as shown in Fig 7.27.
This expected invariancy with Reynolds number is further reinforced by the fact
that %values from tests kl2Q 2 (y=3.5) and kl2Q 3 (y=3.5) were 37.8 mm and 38.2
mm, giving a difference of only 1%.

The near doubling of the % value from the 6mm to 12mm roughness tests also
suggests that the scale of turbulence is influenced directly by the roughness size
and in direct proportion to that size for geometrically similar roughness elements.

As the vertical position of the wire is increased, the increase in the spacing of the
streaks can be visually observed. For k6Ql compare the visualisations in Fig 7.5.
With the increase in the height of the wire, the difference between the actual
velocities in the high and the low-speed regions is reduced, thus rendering
identification more difficult. In the visual counting study, the identification of the
low-speed regions becomes more subjective and the results less reliable. With the
increase in the streak spacing and reduction of the number o f wave-lengths per
visualisation, the accuracy and the sensitivity of the spatial spectral analysis is also
reduced. The existence of a non-hnear wave-length scale in the spatial spectral
analysis (See chapter 6), reduces the sensitivity o f the results with the increase in
X. Nevertheless, the results obtained for wire positions at larger distances from

the bed and presented in Table 7.1, do give a reasonable indication o f X away
from the bed.

The results from the spherical roughness tests thus conclusively demonstrate the
169

existence of a wall zone streaky structure with a well defined mean streak spacing
directly proportional to the roughness size and closely similar in appearance and
statistical properties to the corresponding flow patterns over smooth walls. It was
felt, however, that some doubts might remain regarding the generality o f these
observations and their relevance to flows with irregular wall roughness because of
the uniform spherical geometry and regular packing involved.

To counter the

possible suggestion that the observed flow patterns might be peculiar to
geometrically regular roughness types, an additional 9mm pebble test was
introduced.

This roughness type, with elements o f random size, shape and

packing, in fact yielded similar findings to the spherical roughness tests.

Figs 7.10-7.11 show some examples o f flow visualisations at different heights
above the roughness tops for the 9mm roughness test. These randomly selected
examples clearly demonstrate the existence o f the streak pattern. If we assume
that the X for fully rough flows scaling with the roughness size is a result which
is general to all roughness types, then the X should scale with y g , the roughness
length scale. The X results for all the fully rough tests is plotted in Fig 7.28 where
X and yi are both non-dimensionalised by yg. All the results from the rough wall

tests show excellent correlation and collapse onto a single line.

7.7

UNIVERSAL

SCALING

OF

NEAR

W ALL

TURBULENCE

STRUCTURE

The findings of this study, discussed above, provide important evidence suggesting
the existence of a closely similar turbulence generation mechanism and structure
for flows over rough walls as have been shown to exist over smooth boundaries.
The scale of the stmctures is, however, influenced by the introduction o f the
additional roughness length scale in the case of rough wall flows. As discussed
in the previous section, the X spacing scale is directly affected by the roughness
scale, yg. This indicates that the lateral scale of the bursting events which are
directly related to the low speed streaks and inducing vortical stmctures, also
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scales with roughness scale yg. An intriguing question therefore arises regarding
the possibility of finding a common scaling parameter for turbulence structures in
boundary layer flows over smooth, transitional and rough surfaces.

The results obtained in the present research study and from an extensive range of
other investigations (see Table 6.1), conclusively demonstrate that the mean streak
spacing at the wall, \
v/U^, with

is directly proportional to the wall viscous length scale,

X U ^ being close to a magnitude o f 100. Similarly, the present

results (Fig. 7.28) show that in the case o f rough wall flows, the newly identified
wall streaky structure has a mean spacing now scaled by the physical size o f the
roughness elements or, more generally, by the fully rough wall length scale,
yo=kg/30. Once again, the scaled mean streak spacing, Vyg, close to the rough
walls, appears to take on a universal value of approximately 114 in this case. This
figure is based on the Vyg measurements for the near wall grouping o f 8 data
points shown in Figure 7.28. These points have a mean X/yg o f 114.4 with a mean
y/yg o f 15.3 and with y/yg falling in the approximate range 10 < y/yg < 20. The

data set thus excludes the points very close to the wall which simply pick up the
mean spacing of the peaks of individual roughness elements.

Concentrating attention exclusively on this very near wall data from the smooth,
transitional and rough boundary tests, it is clearly pertinent to examine the
question as to why these apparently universal average streak spacings occur. The
fact that they do occur suggests a possible link between the smooth and fully
rough wall cases.

This in turn has a bearing on the quest for a universal scaling

parameter for all roughness conditions.

A useful starting point is to examine in more detail how the spacing o f the now
generally established ‘wall’ streaks varies as a function of roughness Reynolds
number

k^U^v. This important parameter is commonly used to qualitatively

define the limits of the smooth, transitional and rough wall frictional regimes, and
is ultimately connected with the physics o f the near wall flow field. Fig 7.29
shows a plot of X, scaled by roughness length, k^, as a function of roughness
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Reynolds number, k^'^, for the selected near wall data. The hydrodynamically
smooth

< 5), transitional (5< kg'^< 70), and fully rough (kg*^ > 70) zones are

indicated in this figure. It can be seen that the k l test data lie just outside the
smooth wall regime and plot just above the

= 100 curve for fully smooth

conditions. All the k6, k9, k l2 test data plot in the fully rough regime, with the
exception of a single point (k6Q3) which falls inside the transitional regime.

As expected, the latter data points show independence o f intrinsic viscosity and
roughness Reynolds number kg^ and are correlated quite closely by the horizontal
line A/kg = 3.81 = constant. Also shown, for comparison, in Fig 7.29 is the curve
fitted to Nikuradse’s (1933) calibration o f the universal logarithmic relationship
for the mean velocity profile in the inner region of circular pipe flow (see Fig 3.2).
The transitional zone data is seen to merge with the smooth wall log flow for low
kg"^ values, and with the Reynolds number independent rough wall version o f the
log law for kg"^ values in excess of 70. In the transition zone, the velocity profile
data have a somewhat complex pattern as indicated in Fig 7.29. It is unfortunately
not possible to identify any corresponding pattern in the A/kg variation due to the
sparsity of data in the transition zone from the present tests. This was not an
oversight, but resulted from the need to restrict the number o f individual tests due
to the time-consuming nature of the analysis, as previously discussed.

Figure 7.30 shows a corresponding data plot in which X is now scaled by the
viscous smooth wall length scale, v/U^.

In the fully rough zone X becomes

independent of viscosity and the relevant data therefore maps onto the straight line
A= 3.8kg, as indicated in Fig 7.29. For small kg"^ values the data is asymptotic to
the horizontal line intersecting the A,"^ axis at approximately 100. At either side
of the transition zone illustrated in Fig 7.30, the relevantly non-dimensionalised
mean wavelength o f the spanwise instability in the highly sheared layer adjacent
to the wall assumes two apparently universal constant values.

As previously

mentioned, this is suggestive that a similar physical mechanism may be responsible
for the instability, irrespective of wall roughness condition. It would appear that
such a mechanism is not necessarily directly dependent on the intrinsic Newtonian
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viscosity of the fluid, except in so far as the general wall generation o f vorticity
is concerned.

In a laminar type shear flow of a Newtonian fluid, where the momentum transport
involved in the transmission of internal shear stress is dominated by molecular
motion, the intrinsic viscosity can be defined as the ratio between the local shear
stress and the local rate of strain or velocity gradient. In the thin linear velocity
region of the viscous sublayer over a smooth wall, the near shear stress is carried
almost exclusively by molecular momentum transport and is closely constant and
equal to the wall shear stress. The linear mean velocity distribution implies that
the mean velocity gradient, and hence the mean strain rate, are also constant. In
these circumstances, it is therefore possible to define an appropriate wall length
scale in terms of the mean wall shear stress, x, the mean strain rate, du/dy, and
the fluid density , p, namely; (x/p)^^u/dy)y_^o = U^(du/dy)y_^o (=v/U^ ). This
length scale has been shown to correlate the smooth wall data X values extremely
well.

The thin, highly sheared layer at the level of the tops o f the roughness elements
on a rough wall is characterised by high intensity, small scale turbulence. This
derives from the small scale and very contorted, three-dimensional vortical debris
formed in the free shear layers separating into the wake behind each roughness
protrusion.

Momentum will therefore be transported in a relatively efficient

manner by the very energetic, roughness-generated turbulence components in this
shear bed layer. The layer can therefore be reasonably visualised as having an
effectively enhanced ‘pseudo’ viscosity, v '. This is once again defined by the
wall shear stress and the rate of strain or velocity gradient in the shear layer
enveloping the roughness peaks. In the fully rough regime, and for a particular
shear stress, this ‘pseudo’ viscosity will be a unique function o f the roughness size
and geometry.

By analogy with the smooth wall flow, it therefore appears quite probable that the
mean spacing of the streaky turbulence structure, and hence the mean wavelength
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o f the generating instability over rough walls, will also be scaled by a length scale
derived from the mean wall shear stress and the mean strain rate at the wall,
namely, (x/p)^^du/dy)y^o = v ' /U^ .

In order to test this hypothesis, it was

necessary to estimate values of effective viscosity,

which in turn required

estimation of the near wall strain rate or velocity gradient for the various tests.

Estimating the mean velocity gradient close to a rough bed is unfortunately fraught
with difficulties and uncertainties.

The mean velocity profile in the layer

containing the tops of the roughness elements is relatively sensitive to the location
of the vertical measuring line relative to the individual roughness protrusions. For
example, the local mean velocity profile over the roughness element crests will
differ substantially from that over the gaps between the roughness elements. This
effect is illustrated in the measurements presented in Figs 5.13a and 5.13b. To
obtain an accurate mean profile would require an ensemble average o f many
individual velocity profiles measured at a large representative sample o f grid
locations, which time factors rule out.

In practice, therefore, a more limited

sample had to be used with an inevitable compromise o f accuracy of
approximation to the true mean.

A further problem concerns the location o f the velocity origin below the level of
the roughness tops. The velocity origin obtained by the Clauser method described
in chapter 5 is o f dubious value for the present purposes since the true mean
velocity below the roughness tops will decrease in a highly complex manner, with
the velocity penetrating to relatively large depths within the interstices of the
roughness elements. The dU/dy values had therefore to be estimated from the local
slope o f the curve fitted to the near wall mean velocity profile data presented in
Figs 5.9 -5.12.

Five o f the tests involved geometrically similar rough beds (densely packed
spherical elements), making it possible to assume that the near-the-bed U/U^ for
all o f them is given by a universal function, f(y/yo). In this way, by combining
the tests, the number of individual profiles considered was increased, therefore
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yielding a more accurate approximation o f the true mean.

The function best describing the near-the-wall data (below the main log layer) for
each test was again found to be a logarithmic function; (U/U^ = A'ln(y/yo)+B'),
and therefore, by combining the available data, a universal function for the
spherical roughness tests was found. These calculations are presented in
Appendix D.

The 9mm pebble test was considered separately as the roughness was o f a
different form. However the result obtained by Grass (1971) from the same rough
bed was also included in order to increase the accuracy o f the function describing
the near-the-bed velocity for the 9mm pebble roughness (see Appendix D). From
these calculations, the velocity gradient is therefore given;

dU/dy = (U,/yo)(A7(y/yo))

7.5

where A ' is the averaged value of A ' as derived in Appendix D; A '=3.41 for
spherical roughness and A '=2.83 for 9mm pebbles.

To obtain a velocity gradient to represent the mean strain rate near the wall, it was
decided on a physically plausible, albeit partially arbitrary, basis to calculate the
velocity gradient at the half-way point between the roughness tops and the velocity
origin obtained by the Clauser method. The resulting estimates o f the effective
kinematic viscosity magnitudes, v ', are given in Table 7.3.

The X data for the near wall region presented in Fig 7.30, is shown replotted in
Fig 7.31, scaled by the derived effective viscosity length scale, v'/U^. As can
be seen, the resulting non-dimensionalised X values are now largely independent
of wall roughness Reynolds number

This confirms that a universal scaling

parameter for the spanwise bursting stmcture scale does indeed appear to exist in
the form of v'/U^. The remarkable feature o f Fig 7.31 is that the fully rough
wall data collapses quite closely about the ÀUyv'=100 line, in spite o f the
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considerable uncertainties in the v ' determination previously discussed. Both the
smooth and rough wall data thus conform to the same pattern o f behaviour.

The value of v ' and therefore of

is affected by the choice o f the

location, y ' (distance from the average tops o f the roughness), at which the
velocity gradient is estimated. Fig 7.32a demonstrates the variation in the value
of the l U / v ' against y'/k.

What is however certain, is that for any other

reasonable choice o f y% the values of

for all the fully rough tests would

still fall on a constant line, no longer the

100 but within a close range o f that

value. Regarding the exact magnitude o f

at the wall,

100 for the smooth

wall flow is itself obtained by assuming that the flow instability is scaled by the
rate of strain at the bed which, as the instability process is not yet fully
understood, is also an arbitrary choice. Fig 7.32b demonstrates the variation inX^
using

V'

values determined at varying distances, y, above a smooth wall.

This finding of a common scaling mechanism adds considerable support to the
hypothesis that the same hydrodynamic instability mechanism is responsible for
generating the streaky flow pattern observed over both smooth and rough walls.
Such patterns represent the imprint of the bursting events induced by and linked
to the instability generated vortical structures discussed in chapter 2 and by Grass,
Stuart and Mansour-Tehrani (1991). The relevant spanwise length scale o f this
instability appears to be solely determined by the local shear stress and the strain
rate, irrespective of whether or not the shear is carried by predominantly molecular
or turbulence momentum transport. In principle, therefore, there appears no reason
why this same instability mechanism should not manifest itself throughout the
entire boundary layer thickness to produce the scale hierarchy o f vortical structures
proposed by Perry & Chong (1982), as suggested previously by Grass, Stuart and
Mansour-Tehrani (1991). These arguments are further reinforced by the important
finding of a numerical simulation study by Rogers & Moin (1987), that horseshoe
vortices form in a sheared field of homogeneous turbulence.

The unsealed X values are shown plotted as a function of wall distance, y, and
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y/D, where D is the constant flow depth, in Fig 7.33. It can be seen that the raw
X data separate widely close to the bed for the different broad-ranging roughness

conditions. It is also interesting to note that beyond a y/D o f approximately 0.2,
the data draws back together and plots on a single line. This indicates that, away
from the immediate wall zone, X appears to become independent o f the bed
roughness condition and simply reflects a dependency on wall distance, y. Grass
(1971) observed the same independence o f the turbulent intensities from the bed
roughness characteristics beyond a relative wall distance, y/D, o f approximately
0.2 (see Fig 7.34). A constant water flow depth o f 50mm was used in the latter
investigation as in the present tests. This effect can also be observed from the
turbulent intensity data obtained in this study, an example o f which is presented
in Fig 5.27. If we assume that the v'/U^ scale for X applies also away from the
near bed region, in the logarithmic zone dU/dy «= U /y , therefore, v'/U^ =
Uy(du/dy) oc y. This prediction is consistent with the behaviour of the X data
away from the wall zone illustrated in Fig 7.33 and discussed previously.

Fig 7.35 shows a plot of X U ^ ' versus yU ^v' for the entire data set. Near the
wall, all the data correlates closely about the horizontal line defined by
1 U ^ '= 1 0 0 out to a wall distance,

o f approximately 20, before

increasing relatively rapidly for larger scaled heights above the bed.

The above discussion and analysis has shown that the concept o f an effective eddy
viscosity,

for the bed shear layer can achieve a universal span wise scaling for

the near wall turbulence structure, irrespective of wall roughness condition. It is
perhaps natural therefore to speculate as to how far this analogy can be stretched,
and in particular, whether or not the concept is capable o f producing a universal
correlation for the mean velocity profile. In other words, can we represent rough
wall flows in terms of an equivalent smooth wall flow with enhanced viscosity,
v '. The semi-logarithmic plots of the sample mean velocity data shown in Figs
5.24 and 5.25 are replotted in Figs 7.36a and b, using v'/U^ to scale wall
distance y. As can be seen, the mean velocity profiles for the fully rough wall
conditions collapse onto a single relationship.
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However, the smooth and

transitional wall data remains separated from that measured over the rough
boundaries.

In order to achieve a universal data correlation in Fig 7.36, it would clearly be
necessary to increase further the effective viscosity beyond the level,
to achieve the X correlation. The required viscosity values,

required

can be calculated

from the mean velocity roughness scale relationship using the following equation:

a /9 ) (v " /U ^ ) = (l/9)(v/U ^)+(V 30)

7.6

The resulting v " values are presented in Table 7.3 and plotted as a function of
in Fig 7.37 for comparison with the v ' values. In the fully rough regime, the
ratio v " / v ' assumes a constant magnitude o f 8.4 (±0.5) which represents a major
further enhancement.

It is clear from these considerations, that length scale v'/U^ essentially
determines the mean spanwise wavelength of the near bed shear layer instabilities
responsible for the generation of the powerful vortical structures involved in the
bursting process. As discussed by Grass, Stuart and Mansour-Tehrani (1991), the
looping vortex structures act as ‘pumps’ which lift low momentum fluid out from
the near wall region during ejection phases. This takes place partly as a result of
self-induced outward motion of the three-dimensional vortex itself, and partly by
violent outward motion of wall fluid within the area o f influence of the vortex,
induced by its local pressure field.

The major qualitative difference between the smooth and rough wall flows
concerns the source of the low momentum fluid lifted and ejected from the near
wall region by the action of the vortical pumps. In the smooth wall case the only
fluid available is that contained in the extremely thin viscous sublayer. This is
lifted with some difficulty, due to the stagnation type flow involved, over the
smooth surface. The vertical velocity fluctuations are therefore relatively small
in the viscous layer over smooth walls (see Fig 7.34). Ejection zones are also
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very narrow in the low-speed streaks as illustrated in the visualisation photographs
(Fig 7.2). Large streamwise velocities therefore occur close to smooth walls with
very large velocity gradients generating large streamwise velocity fluctuations (Fig
7.34) during ejection phases. This combination maintains the near wall Reynolds
stress at the level determined by the bed shear stress.

In contrast, over rough boundaries, there is an abundant and relatively unrestrained
reservoir of low momentum fluid contained in between the roughness elements,
which can be drawn on and ejected out into the near wall flow by the vortical
pumping action (see Grass (1971) ). The ejection streak zones tend to be broader
than their counterparts over the smooth wall with less streamwise persistence (for
example, see Fig 7.9).

Larger volumes o f low momentum fluid are therefore

pumped outwards into the near wall zone at higher velocities than over the smooth
bed (Fig 7.34 and Grass (1971)). Smaller streamwise velocity fluctuations are
therefore required to maintain the local Reynolds stress levels.

Also the main

streamwise velocities in the near wall flow field are reduced, compared with those
at the corresponding heights over the smooth wall for the same bed shear stress.

The low-speed streaks formed over rough beds possess a more random width and
disturbed appearance (eg. 7.11a) in comparison with the low-speed streaks formed
over a smooth boundary (eg. 7.2b). Considering the action o f a streamwise Teg’
vortex passing over a rough boundary lifting fluid from the surrounds o f the
roughness elements to create a low-speed streak, it is clear that, depending on the
geometry of the roughness elements, the amount and the velocity of the ‘lifted’
fluid is constantly varied. The ‘lifted’ fluid can even have a negative streamwise
velocity, as there is boundary layer separation and recirculation of fluid upstream
of the roughness elements. In comparison a uniform condition exists over a smooth
wall, whereby the action of a passing vortex induces stagnation flow from the wall
creating a narrow and elongated streak (see 7.2a, b).

A further effect also tends to accentuate the differences in the mean flow velocities
close to smooth and rough walls. During inrush phases, the momentum can only
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be destroyed over smooth walls by viscous shear which is directly proportional to
the instantaneous near wall velocity.

In the rough wall case, however, the

instantaneous shear stresses, during inrush phases, are proportional to the square
of the velocity. Smooth wall inrush flows are thus subject to a linear ‘braking
system’ compared with the square law non-linear, and hence more efficient,
‘braking system’ prevailing over the rough bed. Smooth wall inrushes therefore
tend to persist longer than their rough wall counterparts, which statistically adds
to the differences in mean velocities close to the wall.

Consider a smooth and a rough wall flow with identical depths and bed shear
stress.

Then, in the logarithmic velocity region, since dU/dy=(l/K)(U^/y), the

velocity gradients at corresponding heights above the bed are equal in the two
flows. If, therefore, we denote the mean velocities at a common height, y^, just
inside both logarithmic zones as Ug(yJ and U^(yg), then [Ug(y)-Ug(yJ] and [u^(y)llr(ya)] where y > y» are identical for the smooth and the rough wall velocity
profiles. To an observer travelling in the flow direction at velocities Ug(y^) and
UyCy^), respectively, the velocity profiles in the zone y>y^ appear identical for the
two flows. The above concept is illustrated in Fig 7.38.

In other words, the only effect the different wall roughness conditions have on the
absolute velocities in the logarithmic zone is in altering U (yJ which can be
viewed as a ‘slip’ velocity (see Townsend (1976)). The mechanism whereby the
wall roughness reduces the slip velocity has been discussed previously and
represents an important contribution of the present study. This analysis tends to
suggest that, beyond a certain distance from the wall, the turbulence structure
becomes progressively more uniform, with the flow losing any knowledge o f the
nature of the bed roughness and the detailed manner in which the shear stress is
generated. This conclusion is consistent with the X values which have been shown
to merge for the different bed roughnesses beyond a certain wall distance (Fig
7.33) and the similar merging of the turbulence intensity plots presented in Fig
7.34, as previously discussed.
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Fig. 7.1
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Hydrogen bubble visualisations (with the wire paiallel to the bed)
a, b) SQl Yi= 0.5 mm
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c, d) SQ2 y^= 0.5 mm

y . /

Fig. 7.2

Hydrogen bubble visualisations (with the wire parallel to the bed)
a, b) SQ3 Yi= 1.0 mm
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c, d) SQ3 y^= 6.0 mm

Fig. 7.3

Hydrogen bubble visualisations (with the wire parallel to the bed)
a, b) klQl yj= 0.5 mm
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c, d) klQ3 yj= 1.0 mm

Fig. 7.4

Hydrogen bubble visualisations (with the wire parallel to the bed)
a, b) klQ2 y^= 0.5 mm

187

c, d) klQ2 yj= 3.5 mm
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H r l> y > M g

Fig. 7.5

Hydrogen bubble visualisations (with the wire parallel to the bed)
a, b) k6Ql yj= 3.5 mm

c) k6Ql y^= 9.0 mm

d) k6Ql yj= 19.0 mm
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Hydrogen bubble visualisations (with the wire parallel to the bed)
a, b) k6Q2 yj= 2.0 mm
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c, d) k6Q2 y^= 3.5 mm

Fig. 7.7

Hydrogen bubble visualisations ( with the wire parallel to the bed )
a) k6Q2

0.5 mm

d) k6Q2 yj= 10.5 mm

c, d) k6Q3 yj= 3.0 mm
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I

Fig. 7.8

Hydrogen bubble visualisations ( with the wire parallel to the bed )
a) kl2Q2 yj= 0.5 mm

b) kl2Q2 yj= 1.5 mm

c, d) kl2Q2 yi= 3.5 mm
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•

V ^ ,„

Fig. 7.9

Hydrogen bubble visualisations ( with the wire parallel to the bed )
a, b) kl2Q2 y^= 5.5 mm

c) kl2Q2 y^= 12.0 mm

d) kl2Q3 yi= 3.5 mm
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Fig. 7.10

Hydrogen bubble visualisations ( with the wire parallel to the bed )
a) k9Q4 yj= 0.5 mm

b, c) k9Q4 y^= 3.0 mm

d) k9Q4 yj= 5.5 mm
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Fig. 7.11

Hydrogen bubble visualisations ( with the wire parallel to the bed )
a) k9Q4 yi= 5.5 mm

d) k9Q4 y^= 7.5 mm

c) k9Q4 y^= 11.0 mm

d) k9Q4 y^= 16.0 mm
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Histogram of visual counting results and the corresponding log-normal
distribution.
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CHAPTER 8

CONCLUDING REMARKS

From a review of previous turbulent boundary layer studies, the vast majority of
which have concentrated only on smooth wall flows, it emerges that a direct link
has been established between the bursting process which is driven by horseshoe
type vortical structures and the low-speed streaks.

The hydrogen bubble visualisation system utilised in this study enabled the
examination of the spanwise velocity fluctuations in both smooth and rough
boundary layer flows.

From observation of the resulting visualisations, the

existence in rough boundary flows of a streaky pattern o f alternating low and high
velocity regions similar to that found in smooth boundary flows, has been
established.

The spatial spectral analysis and the visual counting method utilised in this study
produced values of ï"^-100 for the non-dimensionalised low-speed streak spacing
in the sub-layer over a smooth bed with a variation o f only 5%. This, together
with the fact that this value has been well-established by numerous previous
studies, confirms the validity of the methods used.

The increase in the spacing of X with height above the bed is confirmed for the
smooth wall case, and it is further established that a similar increase occurs over
transitional and fully rough boundaries.

It is also shown that the distribution o f the streak spacing, regardless o f bed
roughness condition or distance from the bed, is universally described by the log
normal probability density function proposed by Smith & Metzler (1983) for the
smooth wall case.
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In the case of rough wall flows the newly identified wall streaky structure close
to the rough walls, when scaled by roughness length scale yg, has a mean spacing
with a universal value of approximately 114. This result is based on the data
obtained in the range 10 < y/yg < 20.

The latter data points show independence of intrinsic viscosity and roughness
Reynolds number

and are correlated quite closely by the horizontal line X/k^

= 3.81 = constant. A comparable conclusion has since been made in a concurrent
study, where in an unpublished paper Defina (1992) quotes a value o f X/k^= 4.5
for densely packed spherical roughness.

As previously discussed, these findings suggest that a similar physical mechanism
may be responsible for the instability, irrespective of wall roughness condition.
It would appear that such a mechanism is not necessarily directly dependent on the
intrinsic Newtonian viscosity of the fluid, except in so far as the general wall
generation of vorticity is concerned.

A universal scaling parameter for the spanwise bursting stmcture in both smooth
and rough boundary layer flows appears to exist in the form o f v^/U^, where v '
is the near wall value of eddy viscosity. This ‘pseudo’ viscosity is defined by the
wall shear stress and the rate of strain or velocity gradient in the shear layer
enveloping the roughness peaks. In the fully rough regime, and for a particular
shear stress, it will be a unique function of the roughness size and geometry. With
this scaling mechanism, remarkably, the fully rough wall data collapses quite
closely about the A .U ^'«100 line widely confirmed for smooth wall data.

The relevant spanwise length scale of the turbulence generating wall instability
appears to be solely determined by the local shear stress and the strain rate,
irrespective of whether or not the shear is carried by predominantly molecular or
turbulence momentum transport. In principle, therefore, there appears no reason
why this same instability mechanism should not manifest itself throughout the
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entire boundary layer thickness to produce the scale hierarchy o f vortical structures
proposed by Perry & Chong (1982), as was suggested previously by Grass, Stuart
and Mansour-Tehrani (1991).

This study indicates that, beyond a certain distance from the wall, the turbulence
structure becomes progressively more uniform, with the flow losing any
knowledge of the nature of the bed roughness and the detailed manner in which
the shear stress is generated.

This conclusion is consistent with the X values

which have been shown to merge for the different bed roughnesses beyond a
certain wall distance, (y/D=0.2), in the same way as do the turbulence intensities.

It is argued that the only effect the different wall roughness conditions have on the
absolute velocities in the logarithmic zone is in altering the ‘slip’ velocity (see
Townsend (1976)). It was found that, in order to account for the difference in the
‘slip’ velocities between rough and smooth flows, the enhanced effective viscosity
had to be further increased on average by a factor of 8.5. It is suggested that
this profound reduction in the slip velocity occurs as a result o f more violent
ejections of unrestrained low momentum fluid from between cavities o f roughness
elements, together with a much more sudden arrest of sweep events, over a rough
bed as compared to a smooth.

With the improvement in numerical simulation study, as discussed in chapter 1,
and particularly in the work carried out at Stanford (a review o f which is presented
by Robinson, Kline and Spalart (1989)), interesting and revealing advances have
been made in our understanding of coherent structures in turbulent boundary layers
over a smooth flat plate. The findings o f this study further reinforce the belief that
the structure of turbulence in rough boundary layer flows is dynamically very
similar to that over smooth walls. This means that the detailed findings o f direct
numerical simulations which include instantaneous pressure field data, and other
related conceptual studies can effectively be applied in interpretation o f rough
boundary flows.
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In short, the results of this study, in increasing our understanding o f the effects of
roughness and the scaling mechanism of turbulence structures, will provide a more
effective basis for numerical modelling o f rough boundary flows, particularly in
addressing the complex problem of defining suitable boundary conditions for such
flows.

Future research to improve our knowledge o f the physics o f boundary layer
turbulence needs to examine the process o f growth in structural scale up through
the eddy hierarchy, from small wall scale to the very large outer layer scale. An
understanding of this process is directly relevant to the high Reynolds numbers
flows encountered in geophysical conditions. To this end, large Reynolds number
experimental studies are needed which will provide much-needed information to
examine both the hierarchy models proposed in this and other studies, and the
Reynolds number dependency of vortical structures.

Further investigation of the dynamic process o f vortex formation and evolution
under shear straining conditions is also needed. Fundamental knowledge o f the
instabilities involved will also provide an improved understanding o f the formation
o f low-speed streaks and the reasons for their constant mean spanwise spacing, as
discussed in the present study.

Such essential research can be carried out

successfully at low Reynolds numbers using direct numerical simulation techniques
aided by appropriate experimental research.
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APPENDIX A
Derivation of u'v* from single channel laser anemometer measurements

Ti, T2 and T3 are the frequency analogue voltage levels for the measured
components 0 °, - 0 and + 0 to the horizontal

r
u

+0
T,

Tj = u/p

a.l

Tg =(ucos 0 -vsin 0 )/p

a.2

T3=(ucos 0 +vsin 0 )/p

a.3

where P is the velocity/frequency analogue voltage conversion factor and u and
v are the total instantaneous components o f the velocity, i.e;
u = U+u '

a.4

v - V+v '

a.5

Similarly T^, Tj and T3 are composed o f the mean and a fluctuating component;
Ti=Ti+Tj '

a.6

Ti^ = T,^ + T,'^ + 2T,T,'

a.7

T,^ = T,^ + Ti'^

a.8

therefore,

In the mean this reduces to.

Substituting for u and v in equation a.2 and equating 0 to 45°, Tj becomes;
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T 2 = (1 / zV2)[(U+ u ')-(V+ v ')]

a.9

therefore

Tj ^ = (l/2z^)[

+2Uu'+u'^ +V^ + 2Vv'+v'^ -2UV-2Uv'-2Vu'-2u V ]
a. 10

in the mean this becomes;
= (l/2z^)[

+u^ +

-2U V -2u V ']

a.11

The mean of the measured component Tg is

% =(U-V)/(z^ )

a. 12

Therefore
=(U^+V^-2UV)/(2z^ )

a. 13

Equation a. 11 therefore becomes

Tj^=T 2^ + [(u'^ + v '^ -2 u 'v ')]

a. 14

From the equation a.8 and a. 14 it is aparent that;

T 2 '^ = (u'^ + v ' ^ - 2 u ’v ')

a. 15

T 3 '^ = (u'^ + v'^ + 2 u 'v ')

a.16

By similar reasoning

Combining equations a. 15 and a. 16

T2 ' ^ - T 3 '^ = (-4u'v')/(2P'')

a.17

u 'v '=(-P'‘/ 2 )(T 2 '^ -T 3 '^ )

a. 17

therefore
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APPENDIX B
Data processing computer programs written in GWBASIC language:

2

*****************************************

2 , DATA INPUT PROGRAM FOR BENSON 6452 DIGITISING TABLET
3 , MEHRDAD MANSOUR-TEHRANI
4 ,U C L
5 , 1989
^

****************************************

10 LPRINT"DF"
20 LPRINT"IM31,0”
30 LPRINT' VSO"
40 LPRINT”LTO"
50 LPRINT"EM3"
60 LPRINT"IM31,0"
70 LPRINT 'HO"
80 ’
90 INPUT"plot Title";TIT$

100

’

110 LPRINT"MA 200,900"
120 LPRINT' OR"
130 ’
140 ’
150 LPRINT 'AX 3,2000,16,0,0,400,60,0"
160 LPRINT 'HO"
170 LPRINT 'AX 2,400,2,0,0,10,60,1"
180 LPRINT 'HO "
190 LPRINT 'AX 2,-400,2,0,0,-10,60,1"
200 LPRINT 'HO "
210 LPRINT"MA 2020,0"
220 LPRINT' LENGTH (mm)"
224

230 LPRINT' HO"
240 LPRINT"SI 30,30"
250 LPRINT"MA -150,-400
260 LPRINT"DI 900"
270 LPRINT"LA";TIT$
280 LPRINT 'HO "
290 ’
300 PRINT' POINT 1"
310 ’
320 FACTYl=20/40
330 FACTX=40/10
340 ’
350 ’
360 ’
370 DIM T(3500):DIM UMC(3500):DIM ZBC(3500):DIM 03(3500)
380 INPUT 'DATA FILE NAME";FILE$
390 INPUT 'Plot Title";TIT$
400 INPUT 'LINE TYPE";N
410 OPEN FILES FOR INPUT AS #1
420 1=1
430 IF EOF(l) THEN CLOSE: NOPTS%=I:GOTO 470
440 INPUT #1,T(I),UMC(I)
450 PRINT I,Ta),UMC(I)
455 1=1+1
460 GOTO 430
470 ’
480 FOR I%=1 TO N0PTS%-1
490 UMC(I%)=UMCa%)*10*FACTYl
500 ’PRINT UMC(I%)/10
510 ZBC(I%)=ZBC(I%)*10*FACTY2
520 C3(I%)=C3(I%)*10*FACTY3
530 T(I%)=T(I%)*10*FACTX
225

540 NEXT 1%
550 ’
560 LPRINT "LT";N
570 ’
580 ’
590 FOR I%=1 TO N0PTS%-2
600 LPRINT 'DA"; UMC(I%): \";T(I%)
610 NEXT 1%
620 ’
630 LPRINT' HO"
640 GOTO 380

701 ********************************************
702’ Scaling and Normalising the tracer line data
703 ’ MMT PROGRAM
704 ’Date 1989
705 ’NAME

MEANC2

706 ’ *******************************************
710 DIM X(700),Y(700),Z(700)
715 DIM XX(700),YY(700)
720 INPUT "DATA FILENAME ";FILE$
730 OPEN FILES FOR INPUT AS #1
732 INPUT "SCALE FILENAME";FILE3$
734 OPEN FILE3S FOR INPUT AS #3
740 INPUT "OUTPUT FILENAME " ;FILE2$
750 1=1
760 IF EOF(l) THEN CLOSE: ND=I:GOTO 792
770 INPUT #1 ^(I),Y(I),Z(I)
780 1=1+1
782 GOTO 760
784 FOR 1=1 TO 18
786 INPUT #3 ,SCALE(I)
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788 NEXT I
792 SCALE =SCALE(18)
800 MEAN=0
810 FOR 1=1 TO ND
820 MEAN=MEAN+X(I)
830 NEXT I
840 MEAN=MEAN/ND
841
850 FOR 1=1 TO ND
860 X(I)=(X(I)-MEAN)/(10*SCALE)
870 NEXT I
871 NQ=0
872 NF=1
872 FOR J=1 TO 17
873 NQ=NQ+20
880 FOR I=NF TO NQ
890 Y(D=(Y(I)-Y(Nf-l))/(10*SCALE(J))
900 NEXT I
901 NF=J*20
902 NEXT J
910 Y(1)=0
915 YY(1)=0
920 XX(1)=X(1)
930 K=1/SCALE
935 NB=330
936 PRINT NB
940 FOR J=2 TO NB
950 YY(J)=YY(J-1)+K
960 NEXT J
’ ***************************************
’PROCEDURE TO CREATE EVENLY SPACED DATA POINTS
1000 FOR J=2 TO NB
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1010 1=0
1050 1=1+1
1080 D=Y(I)-YY(J)
1090 IF D<0 THEN 1050
1100 IF D=0 THEN XX(J)=X(I)
1110 IF D>OTHEN 1120
1120 XX(J)=X(M)+((X(I)-X(I-1))*((YY(J)-Y(I-1))/(Y(I)-Y(M))))
1130 NEXT J
1132 TOTAL=0
1133 FOR 1=1 TO NB
1134 TOTAL=TOTAL+XX(I)
1135 NEXT I
1136 FOR 1=1 TO NB
1137 XX(I)=XX(I)/TOTAL
1138 NEXT I
1139 FOR J=NB+1 TO 515
1140 XX(J)=0!
1150 YY(J)=YY(J-1)+K
1155 NEXT J
1220 OPEN FILE2$ FOR OUTPUT AS #2
1230 FOR J=1 TO 515
1235 PRINT XX(J),YY(J)
1240 PRINT #2,XX(J),YY(J)
1250 NEXT J
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APPENDIX C
c ***************************************************************
C

FFT ANALYSIS POWER-SPECTRUM

C

M MANSOUR-TEHRANI

C

UCL

C

1989

IN

FORTRAN

Q ****************************************************************

REAL AR(8192),AI(8192),DR(8192),G(8192),GG(8192)
CHARACTER*20 FILINflLOUT
SIGDR=0.
SMEAN=0.
C
C

INPUTTING THE INPUT AND THE OUTPUT FILES

C
WRITE(*,*)’GIVE THE INPUT FILE NAME INCLUDING DRIVE*
READ(*,*(A20)’) FILIN
OPEN(3,FILE=FILIN)
C
WRITE(* *)*GIVE THE OUTPUT FILE NAME INCLUDING DRIVE*
READ(*,*(A20)*) FILOUT
OPEN(10,FILE=FILOUT)

NB

NO. OF DATA POINTS

NB=512
N=LOG(NB)/LOG(2)
N=9
PI=3.141592654

229

c

RATE

SAMPLING INTERVAL IN SEC’S

WRITE(*,*)’GIVE THE SAMPLE INTERVAL’
READ(*,*) RATE
C

SNUM

NO. OF SAMPLES PER SECOND

SNUM=1./RATE

C

READ THE 512 DATA’S FOR FFT ANALYSIS
DO 10 I=1,NB
READ(3,*)AR(I)
AI(I)=0.0
DR(I)=1.
SMEAN=SMEAN+AR(I)

10

CONTINUE

SMEAN=SMEAN/NB* 1.
DO 888 11=1,NB
888

AR(n)=AR(H)-SMEAN

C
C

APPLY COSINE TAPER WINDOW

C
NF=NB/10
T=0.
DO 111 ND=1,NF
AR(ND)=AR(ND)*(.5*(1.-COS(10.*PI*T/(NB*1./SNUM*1.))))
DR(ND)=.5*(1.-COS(10.*PI*T/(NB*1./SNUM)))
T=T+RATE
111

CONTINUE

C
NE=NB-NF
T=(NE*1.)/SNUM
DO 222 NS=NE,NB
AR(NS)=AR(NS)*.5*(1.+COS(10.*PI*(T-(.9*NB/SNUM))/(NB
230

c

*1./SNUM)))

DR(NS)=.5*(1.+COS(10.*PI*(T-(.9*NB/SNUM))/(NB*1./SNUM)))
T=T+RATE
222

CONTINUE

C
DO 666 IX=1,NB
SIGDR=SIGDR+DR(IX)**2
666

CONTINUE

C
SIGDR=SIGDR/NB*1.
CALL FFT(AR,AI,N,NB)
SUMG=0.0
DO 100 JK=l,NB/2
G(JK)=(2.*NB*RATE*(AR(JK)**2+AI(JK)**2))/(2.*PI)
G(JK)=G(JK)/SIGDR
SUMG=SUMG+G(JK)
100

CONTINUE

C
DO 101 I=l,N B /2
GG(I)=G(I)/SUMG
WRITE(10*)GG(I)
101

CONTINUE
END

Q *******************************************************************
C

SUBROUTINE TO CALCULATE THE DPT OF THE SEQUENCE,WHERE

C

NB=(2 TO THE POWER OF N), BY FFT METHOD

Q *******************************************************************

SUBROUTINE FFT(AR,AI,N,NB)
DIMENSION AR(8192),AI(8192)
231

c

DIVIDE ALL ELEMENTS BY NB

DO 1 J=1,NB
AR(J)=AR(J)/NB*1.
AI(J)=AI(J)/NB*1.
1

CONTINUE

C

REORDER SEQUENCE

NBD2=NB/2
NBM1=NB-1
J=1
DO 2 L=1,NBM1
IF (L.GEJ) GOTO 3
TR=AR(J)
TI=AI(J)
AR(J)=AR(L)
AI(J)=AI(L)
AR(L)=TR
AI(L)=TI
3

K=NBD2

C
5

IF (K.GE.J) GOTO 4
J=J-K
K=K/2
GOTO 5

4

J=J+K

2

CONTINUE

C

FFT CALCULATION PHASE TO FIND DFT VALUES

C

DFT VALUES ARE STORED BACK IN ARRAY’S AR,AI
232

PI=3.14159265
DO 6 M=1,N
UR=1.0
UI=0.0
ME=2**M
K=ME/2
WR=COS(PI/K)
WI=-SIN(PI/K)
DO 7 J=1,K
DO 8 L=J,NB,ME
LPK=L+K
TR=AR(LPK)*UR-AI(LPK)*UI
TI=AI(LPK)*UR+AR(LPK)*UI
AR(LPK)=AR(L)-TR
AI(LPK)=AI(L)-TI
AR(L)=AR(L)+TR
AI(L)=AI(L)+TI
8

CONTINUE

SR=UR
UR=UR*WR-UI*WI
UI=UI*WR+SR*WI
7

CONTINUE

6

CONTINUE
END
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APPENDIX D

Calculations to estimate the velocity gradient near the roughness tops

For each tests a velocity function was fitted to the measurement points b e lo w the
main log-layer, after the examination of various functions it was decided that the
velocity near the roughness tops was again best described as by a logarithmic
function;

U/U^ = A" ln(y/yo) + B '

d.l

U = (A'U^) ln(y) + C'

d.2

y = D ' exp[(A'U^)U]

d.3

Therefore

or alternatively

Examples of this function fitted to the velocity profiles for the near roughness tops
data is given in Fig d .l. These examples demonstrate the reasonably close fit of such
function to the data. From equation d.2. it is derived that the velocity gradient at a
given height y, is given by;

dU/dy = (A'U.,)/y

d.4

From the curve fits example of which is given in Fig d .l, the values o f (A'U.^) is
obtained for each test, these are tabulated in table d .l.

It was

assumed that forgeometrically similar rough beds, the velocity profiles close

to the boundary are described

by a common function;

U/{]^ = A'ln(y/yo) + C

234

d.5

With this assumption the A ' values for the spherical tests tabulated in table d.l are
averaged to obtain A ' for a rough bed o f a single layer o f spherical elements. For
the pebble ( k9) test to increase the accuracy o f the estimate o f A% the result from
Grass(1967) which is from an identical rough bed is included.

From these calculations the velocity gradient, near the roughness at a distance y, is
therefore given;

(du/dy) = (A 'U J /y
where
A'(sphere) = 3.41

TEST

A'(pebble) = 2.83

A'U^

A'

k6Ql

56.30

3.54

k6Q2

52.47

3.99

k6Q3

27.97

3.30

kl2Q 2

43.37

2.93

kl2Q 3

30.25

3.29

k9Q4

38.31

2.79

k9 Grass(1967)

34.80

2.87

Table d.l Values obtained from the estimated functions
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d.6

10.0
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The estimated profile

The main log-layer
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8.0
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E
>s

4.0

4.0

2.0
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0.0
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8.0
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>\
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Fig d.l

150.0
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Examples of the estimated velocity profiles
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