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ABSTRACT

Coherent flow structures and turbulent spot formation, induced by wall perturbations
in a Blasius boundary layer, were studied experimentally. The study has specific
engineering relevance in the area of turbulent boundary layer control to achieve drag
reduction and in the wider context of improved understanding of the fundamental

mechanics of turbulent generation and dynamics.

Experiments were carried out in a re-circulating water channel, and the
measurements and observations were made in a zero pressure gradient, laminar
boundary layer, formed along the horizontal upper surface of a smooth glass plate,
suspended in the channel flow. Controlled 3-D disturbances were introduced into the
boundary layer flow by fixed and transitory wall perturbations. The fixed
perturbations were in the form of a low-profile spherical cap. Transient perturbations
were generated by the transitory inflation of a circular rubber diaphragm, 30mm in
diameter, mounted flush with the wall. The diaphragm is deformed into a low profile
spherical cap using a computer controlled inflation system. This allows flexible
variation of the maximum inflation height (amplitude) and the height/time function
shape through the variable period of the perturbation cycle. Coherent vortical
structures, induced by both perturbation types are compared and vortex shedding and

formation characteristics are discussed.

A three-component laser Doppler anemometer has been used for the quantitative

measurement of the three-dimensional velocity and vorticity field downstream of the



perturbation. Special data-processing techniques have been developed to derive
spatial mappings of the corresponding 3-D vorticity field. Hydrogen bubble and dye
tracers were employed for flow visualization of the hairpin vortices analyzed from

digital recording of high-speed video.

A general parametric study of the influence of Reynolds number, perturbation
diameter, maximum amplitude, height/time function shape and period on the
downstream position of the induced turbulent spot is presented. The results of
detailed investigations on the effect that these parameters have on the formation and
intensification of the hairpin vortices shed or formed downstream from the
protrusion are presented. These observations are linked to the observed subsequent
chaotic breakdown of the flow to turbulence and the global behaviour of the
turbulent spot formation. Experimental results are compared with previous

observations obtained by analytical and numerical simulations.
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CHAPTER 1

L1 Introduction

Turbulence is an ubiquitous, naturally occurring phenomenon that continues to attract a
great deal of scientific interest due to its dominant influence on geophysical flows in
rivers, oceans and in the atmosphere. Transition from laminar to turbulent flow is a
process, which is encountered in many of the Engineering and Physical Sciences
including aerodynamics, geophysics and hydraulics. It occurs in channel and pipe flow,
in turbine flow, in seas and rivers (which makes it directly related to sediment transport
and land erosion processes) and boundary layer flow over smooth and rough surfaces.
Considerable research has therefore been carried out for many years now by
investigators in the Engineering fields to try and get a better understanding of this
widespread phenomenon. Even though researchers have been conducting physical
experiments in the field of transition and turbulence for over a century now, a large
number of practical questions still remain unanswered, due to the extreme complexity of

the process physics.

More recently, numerical modellers, with the emergence of powerful parallel process
computers and armed with an improved knowledge of the mechanisms involved in
transition derived from previous experimental work, have been carrying out numerical
simulation experiments using computational techniques to yield insight into the physical
processes, which cause and drive turbulent flow. By using this information in

conjunction with modern Engineering methods, it is now becoming feasible for
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Scientists to predict and control turbulence using specially designed surfaces (see for
instance, Carlson & Lumley, 1996). Predicting and controlling the state of the flow is of
great importance in the field of aerodynamics. Maintaining laminar boundary layer flow
for as long as possible over an aircraft wing, for instance, greatly reduces drag forces
resulting in major reductions in aeroplane fuel costs due to the low skin-friction co-
efficient of the laminar boundary layer and provides a strong motivation for this type of
investigation. The incentive for boundary layer and transition research is therefore
evident. The simplest, and therefore most important to understand of all wall-bounded
flows, is the flat plate, zero pressure gradient, boundary layer flow, in which the
boundary layer grows naturally starting from the leading edge of the flat plate. An
understanding of this ‘simple’ case is prerequisite to successful investigation of more

complex cases.

1.2 Thesis Ohiecti

The transition process from laminar to turbulent flow has been the subject of study for
over a century, but it still remains an important area for research. It was first noted by
Reynolds (1883) when he showed that a thin filament of dye in water flowing along a
smooth transparent glass tube would remain well defined and straight for Reynolds
numbers (Rg=Ud/v) less than 2500 (where U is the mean velocity in the tube, d is the
tube diameter and v is the kinematic viscosity). For higher Reynolds numbers the dye
filament rapidly broke up and dispersed throughout the tube. It became evident from
these early experiments, that the laminar flow developed some form of instability when

R4>2500.

It was later observed by researchers carrying experiments on laminar-to-turbulent

23



transition in pipes and on smooth flat plates (see Schiller (1922), Burgers (1924) and
Dryden (1934, 1936, 1939)) that the Reynolds number above which transition was
observed (the critical Reynolds number) was dependent on the experimental conditions
such as sources of vibration or surface excrescences. By carefully avoiding sources of
vibration and by making sure that the flow surface was smooth, it was possible to raise
the critical Reynolds number to as high as Reg «rit = 4 x 10 for pipe flows and as high as
Rex, ait = (Uox/v) = 2.8 X 10° for flat plate flows with zero pressure gradient at zero
incidence (where U, is the free stream velocity, x denotes the distance from the leading
edge of the flat plate and v is the kinematic viscosity). It could therefore be inferred that
transition from laminar to turbulent flow results from the spontaneous amplification of

disturbances present in the original flow.

Once it was realised that turbulence in a boundary layer can in some way be initiated by
the growth of perturbations, much effort was devoted to the analysis of the stability of
laminar flows. Groundbreaking experiments were carried out by Schubauer & Skramstad
(1947) in a specifically designed low turbulence wind tunnel where small sinusoidal
disturbances were geﬁerated on a flat plate in the boundary layer by means of a vibrating
ribbon held parallel to the bed and normal to the stream. The experiments showed that
for a surface free from surface imperfections and in the absence of strong external
turbulence, instabilities developed as predicted by the theory of Tolmien (1929) and
Schlichting (1933), (See Chapter 3 — Theory, for a more detailed description). These

small disturbance waves have been named Tolmien-Schlichting waves.

Klebanoff & Tidstrom (1959), Klebanoff et al. (1962) and Kovaznay et al. (1962) later
confirmed that flat plate, boundary flow, during the process of transition to turbulence,
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goes trough a number of stages. It was recognized that there is a definite and
reproducible progression of events by which two-dimensional Tolmien-Shlichting waves
evolve into turbulence. It was shown that in two-dimensional flow the Tolmien-
Schlichting waves that develop in regions of instability do not remain rectilinear but
show evidence of spanwise warping or bending which intensifies with movement
downstream (see figure 1.1). The warping appears to arise from initially small

irregularities present in the flow such as vibration or noise.

NOTE: Surface excrescences and, to a lesser extent, external turbulence and noise
can in some measure bypass the initial Tolmien-Schlichting wave stage (see figure
1.1), since they can directly introduce disturbances of large enough amplitude
associated with highly unstable three dimensional flow patterns which can readily

generate turbulent spots.

The excellent experimental investigations carried out by Klebanoff et al. (1962),
consisted of introducing, in a two-dimensional boundary layer, controlled three-
dimensional wave disturbances, by placing thin spacers beneath a vibrating ribbon near
the leading edge of a flat plate and studying their growth and evolution using hot-wire
methods. They established that the actual breakdown of the wave motion into turbulence
is a consequence of a new instability, which involves the generation of hairpin like
vortical structures. These investigations also showed that results obtained from these

controlled disturbance studies, are equally applicable to ‘natural’ transition.
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Figure 1.1: Idealized sketch of transition zone in the boundary layer on a flat plate at

zero incidence. Based on Schlichting (1979).
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The process of transition can be described by the following stages (see also figure 1.1).
(1) Stable laminar flow.

(2) Unstable, laminar flow with two-dimensional Tolmien-Schlichting waves.

(3) Development of unstable, laminar, three-dimensional waves and vortex formation.
(4) Bursting of vortices.

(5) Formation and growth of turbulent spots.

(6) Fully developed turbulent flow.

Although substantial experimental and numerical work has taken place regarding the
two-dimensional stage of these events, there are still areas of considerable speculation
concerning their three-dimensional nature. This thesis, therefore, will mostly focus on
the later three-dimensional stages of transition, i.e. hairpin vortex formation and its

subsequent breakdown to turbulence.

The experiments were carried out in an open water channel, 0.5m wide and 6.2m long.
The measurements and observations were made in a zero pressure gradient, laminar
boundary layer formed along the horizontal upper surface of a flat glass plate 3m long,
suspended in the channel flow. Transition was induced by means of a transient localized
mound perturbation (an inflatable circular diaphragm mounted flush with the surface of
the smooth glass plate), which introduces controlled disturbances into the laminar
boundary layer flow that ‘bypass’ the early two-dimensional stages of transition and lead
directly to the three-dimensional vortex formation stage. This type of perturbation was
used because this typé of transient disturbance generates a reproducible hairpin type
vortex which has shown to be part of the process path to transition and turbulence (see
for instance, Theodorsen, 1952; Hama 1962 and Haidari & Smith , 1992).
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This investigation will employ a 3-D laser Doppler anemometer (LDA), to directly
measure the velocity and vorticity fields downstream of the controlled, localized, three-
dimensional transient mound perturbation. This is the first time, as far as the author is
aware, that 3-D LDA data acquisition has been utilized to provide a quantitative
description of the flow field downstream of a localized perturbation in flat plate
boundary layer flow, in a water channel. A primary objective of the thesis, therefore, was
to establish whether or not the laser Doppler anemometry is a feasible technique for

measurement of 3-D velocity and vorticity vector fields.

Data acquisition and visualization techniques, will be utilized in order to construct a
general representation of the three-dimensional flow field and to form a better

understanding of the physical processes, which cause and drive turbulent flow

The hydrogen bubble method, (a powerful visualization and data acquisition method,
which has been successfully used in previous UCL turbulence studies; see for instance
Stuart, 1984 and Grass, 1971, 1991), is also used for acquiring vorticity information and

high quality visualization images which are obtained using high-speed video equipment.

The primary objective of this thesis is to gain new insight on the physical mechanisms
that lead to transition and to formulate a complete ‘image’ of the perturbed flow field
downstream of the localized perturbation. This will be achieved using qualitative
velocity and vorticity vector data obtained using the LDA system and high quality
qualitative hydrogen bubble and dye visualization data. The results obtained will be
linked to vortex shedding and critical Reynolds number data obtained from tests using
localized fixed mound perturbations in order to infer whether the process of vortex
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shedding and breakdown to turbulence induced by a fixed mound has similar physical

properties to that caused by transient disturbances.

The results obtained in this piece of investigative research are intended to give direct
confirmations, or otherwise, of previous conjectures regarding turbulent breakdown and
to gain new knowledge of the flow field caused by a localized three-dimensional

perturbation.

L3 Li Revi
Transition to turbulence in fluid flow is a subject with continuously expanding research
interest. Although recent years have seen a great increase in our understanding of this
phenomenon, this understanding remains far from complete, generally due to the many
interacting factors that affect transition and the physical complexity of the transition
process. A full review of all the developments that have taken place in the study of
transition to turbulence and turbulent flow, would be a major undertaking and lies
beyond the scope and space constraints of the present study. Instead a brief, but
comprehensive review is outlined below which concentrates on the more specific topic

of the physical processes, which affect transition and turbulent flow.

1.3.1 History of Turbulence study

Basic research into turbulence motion has been carried out since Reynolds produced his
classic paper on instability and ‘two types’ of motion at the Royal Institution in 1883. It
was apparent from these and subsequent experiments that flow velocity at a fixed point
in a variety of different high Reynolds number flows, including the pipe flow used by

Reynolds, does not remain constant with time, but undergoes irregular fluctuations of
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very high frequency. The flow is therefore in a state of continuous instability. Reynolds
also proposed the concept of decomposition of the unsteady flow, by splitting up
turbulent flow velocity into mean and fluctuating parts. By substituting these terms into
the Navier-Stokes equations of motion and taking ensemble averages, Reynolds showed
that the resulting equations differed from the basic Navier-Stokes equations only in the
presence of additional turbulence stress terms, which arise from averaging products of
velocity fluctuations. These stresses, now commonly known as Reynolds stresses,
represent the additional momentum transport generated by correlated velocity
fluctuations in turbulent flow, compared with corresponding laminar flows where shear
stresses arise solely from molecular momentum transport. Unfortunately, an additional
relationship is needed between these stresses and the mean velocity field, without which
it is impossible for the averaged Navier-Stokes equations to be solved for the mean flow
field characteristics. For a considerable period after Reynolds' work, it was impossible to
gain further knowledge regarding the fluctuating components of velocity, since suitable
experimental measurement devices did not exist. Prandtl (1904), carried out pioneering
work, in which convective stresses were connected to the mean flow by an effective
eddy viscosity or mixing length. There are two other theories, which are classified as
"mixing length theories", the similarity theory of Von Karman (1930) and the vorticity
transport theory of Taylor (1932). These theories, which are dependent on the use of
empirical constants and observations, were the key in enabling the mean flow velocities

to be determined from the equations of motion.

The statistical theory of turbulence was introduced by Taylor (1935), who formulated
turbulent motion in terms of average quantities, thus generating an understanding and an
appreciation of the scales of turbulent motion. Taylor (1938) later extended this work, by
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involving the mathematical technique of Fourrier analysis, which when applied to the
fluctuating velocity field yielded a relationship between the energy spectrum and the
spatial correlation function for the velocity fluctuations. A further important contributor
was Kolgomorrof (1941) who introduced his theory of local isotropy, which stated that at
high Reynolds numbers, the small-scale components of turbulence should be isotropic
and uncorrolated with the large-scale motions. He also used dimensional reasoning to
derive typical length and velocity scales of these small, dissipating eddies. These early
contributions are discussed in detail by Batchelor (1955) and presented as a collection of

the relevant papers and articles by Friedlander & Topper (1961).

At around the same time that Reynolds was carrying out his classic experiments on
turbulence, Lord Rayleigh developed theories relating to the early stages of transition in
laminar flow. Raleigh (1880) examined the stability of plane parallel flow by neglecting
viscosity and showed that a necessary condition for instability is for the velocity profile
to have a point of inflection. Tolmien (1929), the originator of linear stability theory,
considered the Blasius velocity profile near a flat plate, and obtained the critical
Reynolds number above which the flow becomes unstable to infinitesimal, wave like
disturbances in a certain frequency range. Schlichting (1933) extended Tolmiens'
calculations to amplified disturbances, and estimated the critical Reynolds number, Reg,
for a flat plate boundary layer (based on boundary layer displacement thickness §:), for
that flow to be between 420 and 575. Experimental confirmation of the theoretical results
was slow in coming because of the difficulty in building a facility with sufficiently low
turbulence levels in the free-stream flow so as to allow measurement of the development

of low amplitude perturbations.
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1.3.2 Early Experi I Investicafi

Schubauer & Skramstad (1947), when carrying out hot-wire velocity measurements in a
flat plate laminar boundary layer flow, noticed that transition to turbulence was preceded
by slow sinusoidal oscillations. These oscillations were studied in detail and were found
to agree with the characteristics predicted earlier by the Tolmien-Schlichting linear
stability theory. They correctly conjectured that these oscillations are the amplified
components of some initial disturbance and proceeded to carry out experiments in which
an oscillating ribbon was used to generate two-dimensional, low amplitude waves of a
fixed frequency. The growth of these waves was measured using hot wire anemometry,
and confirmed the theory proposed by both Tolmien and Schlichting. It was observed
that an initially two-dimensional wave develops into a three-dimensional pattern, the rate
of growth of the wave varying in the spanwise direction. From linear theory, it was
conjectured that the wave grows locally at a rate determined by the local Reynolds
number. The local wave growth may vary in the spanwise direction, owing to minor
irregularities in the free stream or in the boundary layer. A more detailed description of

linear stability theory is presented in Chapter 3.

Following on from Schubauer’s & Skramstad’s pioneering work, carefully controlled
experiments in a wind tunnel with low turbulence levels were carried out by Klebanof,
Tidstrom & Sargent (1962) in which thin spacers were placed beneath a vibrating ribbon,
thereby inducing a minute periodic spanwise variation in boundary layer thickness at the
ribbon location. It was noticed that the wave generated downstream of the spacer, where
the boundary layer is thinner, is greater in amplitude than the wave measured at positions
where the boundary layer is thicker. The wave might amplify or decay by a process
called ‘selective amplification’ i.e. depending on whether its characteristics lie near
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Branch I or Branch II of the neutral curve predicted by linear theory (figure 1.2; see also
Chapter 3 and figures 3.2 & 3.3). The neutral curve of the stability diagram gives the
frequency of the wave as a function of the local Reynolds number. For the points on
Branch I of the neutral curve, an increase of local Reynolds number results in wave
amplification giving rise to a highly unstable local inflectional velocity profile which
will ultimately lead to transition. An increase of Reynolds number for the points lying on
Branch II, on the other hand, will result in wave decay. The generated wave, when
initially weak, will develop downstream, in a way predicted by linear theory. As the
wave amplifies, however, its development deviates from theory at some distance from
the ribbon and it exhibits three-dimensional characteristics. Through experimental
observation, Klebanoff, Tidstrom & Sargent (1962) noticed that the wave exhibits a
nearly periodic variation of wave amplitude, which is intensified, as the wave progresses
downstream. Associated with this, there is also a spanwise variation in local mean
velocity, which is indicative of the existence of streamwise vorticity (see figure 1.3). An
abrupt increase in wave amplitude, indicates the termination of the linear stage of wave
development and is followed by a subsequent concentration of vorticity in a thin layer,
labelled the "high shear layer" and the observed appearance of hairpin or horseshoe
vortices. Following this, the phenomenon of "breakdown" to turbulence occurs. (The
term breakdown has been used by Klebanoff, Tidstrom & Sargent (1962) to describe the
process beginning with this abrupt change in the character of wave motion). The
breakdown process, in their experiments, was characteristically associated by the

appearance of spikes in the velocity-time traces.
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Figure 1.2: Curve of neutral stability for the disturbance wavelength ¢ §; as a function
of the Reynolds number for the boundary layer on a flat plate at zero incidence (Blasius
profile). Theory according to Tolmien (1932); numerical calculations by Jordinson
(1970). Reproduced from Schlichting (1979).
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1.3.3 The Turbulent Spot

Turbulence first appears in a localized region in the form of a "turbulence spot" (see
figure 1.4). These patches of turbulence were first observed by Emmons (1951) who
carried out experiments on a sloping bed of flowing water. He reported that” ..at some
instance and at some point (both random) a tiny spot of turbﬁlence appears". These
spots of turbulence grow at the same rate but independent of each other, while moving
downstream and eventually coagulate until they encompass the entire flow field.
Emmons' assumption that the spots grow independently of each other have been
confirmed by Elder (1960), who also pointed out that for a turbulent spot to be initiated
the maximum fluctuation in the streamwise direction has to exceed about 1/5th of the

free stream velocity, almost independently of the Reynolds number.

It should be noted that a critical Reynolds number is only required to amplify small
disturbances whereas sufficiently strong disturbances may burst into turbulence almost
instantaneously, regardless of Reynolds number. The Reynolds number is therefore just
an indicator for the amplification of small disturbances, rather that a criterion for the
existence of turbulence. Morkovin (1969) pointed out that the traditional Tolmien-
Schlichting route to transition might be "bypassed" directly by non-linear effects when
the initial disturbance is sufficiently large to perturb the base flow. This causes
disturbance growth and breakdown on a time scale much quicker than those typical for
Tolmien-Schlichting waves. Localized disturbances, such as those associated with
surface roughness or other conditions generating three-dimensionality, typically result in

bypass transition so that non-linear effects immediately come in to play.
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It is to be expected that disturbances, with amplitudes large enough to almost
instantaneously cause non-linear effects may also cause bypass transition. This is
common in the field of practical aerodynamics, e.g. high intensity turbulence close to

the ground in the earth’s atmospheric boundary layer will trigger bypass transition.

Following this initial burst of research activity, Schubauer & Klebanoff (1956) carried
out work in which they confirmed experimentally the existence of a turbulent spot in a
boundary layer. They used a technique in which a turbulent spot was artificially
generated by means of an electric spark, which enabled them to make detailed
measurements on the growth and geometry of a spot. Klebanoff, Schubauer & Tidstrom
(1955) and also Schubauer & Klebanoff (1956), carried out experiments using "fixed
disturbances", and it was observed that by placing a three-dimensional particle, (in this
case small spheres ranging from 1/8th to 1/32nd of an inch), in the boundary layer,
transition occurred at the particle and a "wedge shaped region" of turbulent flow
extended downstream. When normalized by a boundary layer length scale the spheres
ranged from d/§ = 0.759 to 3.035, where d is the sphere diameter and §; is the
displacement thickness at the sphere position. They also discovered that by reducing the
particle size or by decreasing the velocity, transition occurred at a certain distance

downstream of the particle.

Klebanoff (1955) carried out important experimental studies of a turbulent boundary
layer in a zero pressure gradient. Using hot wire anemometry, he measured turbulent
energy and turbulent shear stress. His results stressed the importance of the wall region,
with approximately 85 per cent of turbulent energy dissipation occurring within the
inner 2% of the boundary layer. The result made it clear that this sublayer region plays a
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key role in sustaining turbulence production and encouraged other researchers to
concentrate on this region. These were however, time-averaged results, which meant
that the actual physical turbulence mechanisms were smoothed out by statistical

averaging.

The classical experiments by Schubauer & Klebanoff (1955) on turbulence and
turbulence spot formation showed that beyond the observed, fully turbulent core, which
subtended a half-angle of 6.4°, was a region in which the turbulence was intermittent.
This "wing tip" region, i.e. the region that encompasses the whole spot, was measured to
have a half angle of 11.3° (see figure 1.5), (the spreading angle is an important
measurable characteristic of a turbulent spot - other characteristics being its shape and
its propagation speed). Other measurements made in the boundary layer at Rg=2.1 x
10°, indicated that the growth rate is nearly constant in the streamwise and spanwise
directions (respectively x and z), but not necessarily in the y direction. A calmed region"
was also reported, immediately following the spot which was noticeably more stable

that the surrounding flow.

An important, and relatively easy to measure, feature of a turbulent spot is its spreading
rate. This is much larger than what could be accounted for by turbulent diffusion and is
generally accepted nowadays to be approximately 11°, Wygnaski, Sokolov & Friedman
(1976) and Zilberman, Wygnaski & Kaplan (1977) and later Gad-el-Hak, Blackwelder
& Riley (1981), measured an angle of 10+0.5°, the former speculating that the lateral
growth of the spot is due to classical entrainment; i.e. by the same mechanism that a

turbulent boundary layer entrains previously irrotational fluid. They showed that the
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Figure 1.5: Growth of an artificial turbulent spot in a laminar boundary layer on a flat plate at zero incidence, created at A. o= 11.3°, 9 =
15.3°. From Schubauer & Klebanoff (1955).
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turbulent spot structure retained its identity and exhibited features similar with those of
the outer region of the turbulent boundary layer. This is in agreement with the results of
Cantwell, Coles & Dimotakis (1978) and Barrow et al. (1984). Gad-el-Hak, Blackwelder
& Riley (1981), on the other hand, who investigated turbulent spot growth in a laminar
boundary layer conjectured that the large lateral spreading angle is caused by a
mechanism which sees the laminar flow surrounding the spot being destabilized by the
turbulent region that makes up part of the spot. They termed this mechanism, 'Growth by

destabilization'.

Perry et al. (1981), who studied the physical characteristics of artificially created
turbulent spots in a wind tunnel, using a smoke visualization method, suggested that the
spot is made up of an array of A-shaped vortices (see figure 1.6), and that the spot is
growing by a domino-like process of lateral wave propagation as it is travelling

downstream.

Bowles & Smith (1995), recently carried out analytical work on the subject of turbulent
spot structure, and focused specifically on the spread angle of a spot. They predicted an
arrow shape for the spot and a lateral spread half-angle of approximately 11° was
predicted. This value was predicted for the turbulent/transitional spot region as opposed
to an angle of 19.47° which was predicted for the waves near or behind the spot trailing
edge by Doorly & Smith (1992). It was conjectured that short-scale effects and non-
linearity were both factors, which affect the spot spreading rate and can account for the

difference in value of the two predicted angles.
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Wygnaski, Sokolov & Friedman (1976), carrying out experiments on spot
characteristics, noticed a distinct arrowhead shape for the spot and an average spot
propagation velocity of 0.65U,. This was in good agreement with Emmons' (1951)
initial work which stated propagation speeds of 0.54U, and 0.61U,, for the rear and
forward parts of the turbulent region. Zilberman, Wygnaski & Kaplan (1977) on the
other hand estimated that the spot was convected downstream at 0.9U,, by following the
velocity defect region in their time-velocity traces. A very comprehensive study on spot
structure was carried out by Wygnaski et al. (1982) who presented spot geometry results
obtained from ensemble-averaging a number of hot-wire velocity-time traces. From a
number of tests carried out, for a range of Reynolds numbers, they calculated the celerity
of the trailing interface varied from 0.5U,, to 0.62U,, whereas the leading interface varied
from 0.82U, to 0.89U,. These values compare well with turbulent spot propagation
velocity values obtained in the present study. By observing dye visualization
photographs taken using an SLR camera, of an artificially induced turbulent spot,
travelling downstream at Reynolds number values (Re,=U,x/v) of 8.6 x 10* to 9.85 x
10* (where U, is the free stream velocity, x is the distance from the leading edge and v is
the kinematic viscosity), the trailing and leading edge propagation values were estimated

to be approximately 0.61U,, and 0.82U,, respectively.

It was noticeable in the tests by Wygnaski ef al. (1982) that the spanwise rate of spread
was 'almost’ independent of the Reynolds number, varying between 9.3° and 10°. It was
also concluded that the rate of growth of the spot is different in all three directions; the
length of the spot (in the x-direction) increases linearly with downstream distance and its
rate of growth dl/dx increases almost linearly with Reynolds number. Also observed was
the fact that the rate of growth in the y-direction increases with x at a rate similar to the
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growth of the turbulent boundary layer thickness, and is weakly dependent on Reynolds
number. Although these results were the most comprehensive obtained to date, regarding
turbulent spot structure, it was stressed by the authors that their approach which relies on
ensemble-averaged data is limited. This method is adequate when attempting to predict
overall scales and flow field but describing the small-scale structure of turbulent flow
requires more advanced data-processing techniques. Until experimental equipment, e.g.
laser Doppler anemometers and hot-wire probes can be significantly improved so that
they can acquire data at much higher sampling rates, a clearer picture of small-scale
turbulence structures can only be obtained from numerical and computational

predictions.

The mean and fluctuating parts of the downstream and mean velocity components of a
turbulent spot were measured using hot-wire probes by Barrow et al. (1984). They found
that most of the turbulence lies at the top part of the spot, which moves over the lower
layer whose energy contribution is small. Near the rear of the spot the turbulence

intensity of the spot decreases to that of the Blasius boundary layer

Seifert, Zilberman & Wygnaski (1994), using a novel, specially designed hot wire rake,
managed to simultaneously measure two velocity components in a turbulent spot. The
data revealed the existence of a strong spanwise component of velocity which attained its
maximum value at the tip of the spot, at a height approximately equivalent to the

displacement thickness of the unperturbed boundary layer.

Clark, Jones & LaGraff (1994), carried out detailed experiments on the propagation of

naturally occurring turbulent spots. A novel method of using heat-transfer
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instrumentation was used in tracking individual turbulent spots as they progressed down
a flat-plate surface towards fully developed turbulence. They estimated propagation
velocities of 0.55U, and 0.84U,, respectively for the rear and leading interface of the
spot, under zero pressure gradient conditions. A constant favourable pressure gradient
was found to have little effect on the convection rate of the spot leading edges, which
was found to be roughly the same fraction of the local freestream velocity as in the zero
pressure gradient case. By contrast, it was observed that a favourable pressure gradient
forced the trailing edge of turbulent spots to propagate at rates which approached those
of the spot leading-edge, implying a significant reduction to spot growth in the
streamwise direction. Their spread angle tests showed a that the spot spreading angle is
not only a function of the pressure gradient but also of the Reynolds number, with the

spot spread-angle decreasing with increased Reynolds number.

1.3.4 The Observation of Wave Packets

Experimental investigation by Wygnaski, Haritonidis & Kaplan (1979), in the region
trailing an isolated turbulent spot in a laminar boundary layer, revealed the existence of a
pair of oblique “wave packets”. These are regions of 2-D waves, which trail the spot at
an angle of 40°, and exhibit frequency and wave speed characteristics in good agreement
with predictions made for oblique Tolmien-Schlichting waves. No waves were found to
exist near the centreline of the turbulent spot. The waves were found to propagate at a
velocity of 0.42U, in the streamwise direction and spread at an angle of 10.4°
Breakdown of this ordered motion into a new turbulent spot was observed, which was
accompanied by an intense shear layer inclined to the wall. The growth and evolution of
such wave packets has been previously studied in detail by Gaster & Grant (1975), in
experiments in which a wave packet was artificially generated by a short duration
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acoustic pulse The growth of their observed wave packet can be seen in figure 1.7. These
experiments were extended by Cohen, Breuer & Haritonidis (1991) who followed the
evolution of a small-amplitude wave packet into a turbulent spot. They found three
stages of transition. In the first stage, most of the energy is centred around a mode
corresponding to the most amplified wave; the amplitude of the wave packet being less
than 1% of the free stream velocity. In the second stage, the amplitude of the disturbance
increases by an order of magnitude with most of the energy being transferred to the
oblique waves. In the final stage a turbulent spot develops and the amplitude of the
disturbance increases to 27% of the free-stream velocity. To simulate the more realistic
environment of natural transition, which involves a wide spectrum of modes, resulting
from broadband free-stream turbulence or a localized initial disturbance, Gaster & Grant
(1975) used a pulse excitation, rather than a periodic wave maker. This method excited
all possible modes and the wave packet formed through selective amplification. It was
observed, by using this excitation method, that the growth rate of the wave packet
disturbance was considerably less than those previously observed when using two-
dimensional vibrating ribbon perturbations. It was speculated, however, that the wave
packet disturbance contains a whole spectrum of modes with varying amplification rates,
and the overall increase in amplitude of the sum must be considerably less than that of

the most unstable isolated mode.

Breuer (1988) when considering localized disturbances in general concluded that any
three-dimensional disturbance can be described as consisting of two distinct portions; a
wave part and a transient part (see also Breuer & Haritonides (1990) and Breuer &
Landahl (1990)). It was shown that whereas the wave part, as studied by Gaster & Grant
(1975), which is governed by linear stability theory and which needs a lengthy
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amount of time to reach finite amplitude and hence trigger non-linear effects such as
hairpin vortex formation, the transient part of the disturbance which is directly caused by
the initial disturbance develops into an inclined shear layer which can intensify very
rapidly. However, if the initial disturbance is sufficiently small the transient or advective
part initially grows but will eventually decay, playing no further part in the breakdown

process, leaving only the linear wave portion.

Glezer, Katz & Wygnaski (1989), investigated the evolution of wave packets trailing the
turbulent spot in order to determine the extent of the interaction between the packet and
the spot. It emerged that waves surrounding the spot might amplify or decay depending
on the stability of the surrounding boundary layer. The wave packet therefore, may be
either a passive attendant to the turbulent spot or it may contribute to the turbulent
contamination and growth of the spot. It was also noticed that the front of the spot acts as
a large spanwise vortex, lifting off low momentum fluid from the wall and actively

destabilizing the boundary layer ahead of it.

Landahl (1975), stated that for three-dimensional disturbances, an additional perturbation
mechanism must be considered. For any general inviscid three-dimensional disturbance,
a 'lift-up' term emerges which is caused when fluid particles retain their horizontal
momentum when lifted up by the integrated effect of the vertical velocity. If there is a
mean shear, this lift-up of fluid creates a horizontal disturbance velocity which will not
disappear as time goes to infinity. Landahl (1980) also showed that any general three-
dimensional disturbance will grow at least as fast as linearly in time, in contrast with
two-dimensional theory, in which the advective modes decay in time, and the dispersive
modes are neutrally stable.
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Cohen, Breuer & Haritonidis (1991) and also Shaikh & Gaster (1992), followed the
evolution of a low amplitude wave packet, up to the formation of a turbulent spot, and
whereas Gaster & Grant (1975) concentrated on the early linear stages of the formation
and growth of the packet, they focused on the late, non-linear, transition stage. Cohen et
al. (1991) managed to map out the entire spatial structure of the disturbed flow field
using all three-velocity components acquired by hot-wire measurements. In the final
stages of transition, a strongly non-linear phase was reported, characterized by the
appearance of small scales in the form of high frequency oscillations, first observed at
the low-speed regions of the primary disturbance. These small-scale, high frequency
fluctuations, have been observed in many transition experiments (Klebanoff, Tidstrom &
Sargent (1962), for example), and are associated with the final breakdown of organized
structures and the onset of random turbulent motions. More recently, Breuer, Cohen &
Haritonides (1997), published work, focusing on the late stages of wave packet
transition, prior to turbulence breakdown and confirmed experimentally that the final
(breakdown) stage is characterized by the appearance of high frequency oscillations, of
random phase, located at low-speed regions of the primary disturbance. Similar
measurements by Gaster (1990) show a similar route to turbulence in which high-
frequency oscillations are observed on a finite-amplitude shear layer induced by a

localized single point primary disturbance.

1.3.5 Fxneri ith localized. fixed disturd I

Following on from the initial, now classical experiments on transition, a number of
experiments were carried out by various researchers, in order to explore the effect that an
isolated roughness element has on transition in a laminar boundary layer. The

experimental approach generally adopted by researchers may be considered to consist of
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two approaches: one is concerned with the location of transition and its dependence on
roughness element and boundary layer characteristics (see Smith & Clutter (1959), Hall
(1967)), and the second, on the observation of the flow behaviour downstream of the
element and its relation to instability processes which cause transition. Both approaches

were adopted in the present tests.

The effect of surface roughness is to induce earlier transition. Klebanoff & Tidstrom
(1972), experimented with two-dimensional roughness elements and demonstrated that
the basic mechanism by which a roughness element induces earlier transition to turbulent
flow is by the destabilizing influence of the flow immediately downstream of the

disturbance.

Klebanoff, Schubauer & Tidstrom (1955), observed that transition caused by an isolated
three-dimensional element is markedly different than that caused by a two dimensional
element. A three-dimensional element is not as effective as a two-dimensional element
but its behaviour towards transition is far more critical. Transition moves forward
(towards the disturbance) gradually with increasing Reynolds numbers for two-
dimensional disturbances, whereas it moves rapidly towards the roughness with a
relatively small increase in velocity after a critical Reynolds number has been reached,

for a three-dimensional roughness element.

Hall (1 967j, investigated the interaction of the wake from three-dimensional bluff bodies
with an initially laminar boundary layer in tube flow. He observed that the mechanism
by which transition occurred appeared to depend directly on the characteristics of the
element rather than the stability characteristics of the boundary layer. That is, transition
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of the boundary layer was directly caused by the roughness element and not by
amplification of wave like disturbances as considered in classical boundary layer
stability theory. It was also observed that hairpin vortices, which were generated by the
roughness elements at subcritical Reynolds numbers, decayed as they propagated

downstream.

Klebanoff, Cleveland & Tidstrom (1992) carried out a detailed experimental
investigation, which provided a more comprehensive picture of boundary layer transition
induced by a three-dimensional roughness element. A two-region model was postulated
for the evolutionary change towards transition to a fully developed turbulent boundary
layer: an inner region where the turbulence is generated by the complex interaction of the
hairpin eddies that lie near the wall region and are an inherent feature of the flow field
about a three-dimensional element in a laminar boundary layer and an outer region

where the hairpin eddies deform and form vortex rings.

L1.3.6 Vortical Structures

It has been recognized for a number of years now that coherent vortical structures
dominate turbulence generation. Recent numerical simulation and experimental studies
(see for example Robinson, 1991; Grass et al., 1991, 1996 and Adrian et al., 2000), have
conclusively shown that these coherent, organized structures, which are formed by the
roll-up of 3-D shear layers represent incomplete elements of inclined and stretched
hairpin or horseshoe vortices. It has been shown that these vortical structures, which are
similar in key respects to their counterparts in fully turbulent boundary layers, actuate
turbulence generation over both smooth and rough boundaries. The understanding of the

flow physics during the formation of these structures and their subsequent breakdown to
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turbulence, is therefore, a key factor in understanding turbulence flow dynamics.

A number or researchers, (see for instance Hama ez al. (1957), Kovaznay (1970), Head
& Bandyopadhyay (1981), Perry & Chong (1982) and Smith (1984); see also Smith’s
(1996) review for a detailed account on coherent vortical structures), following
Theodorsen’s (1952) conceptual model for boundary layer turbulence production and
dissipation (see Chapter 2 — Vorticity, for a more detailed description of Theodorsen’s

1952 vortex model), have proposed hairpin like structures in turbulent boundary layers.

Early studies by Hama et al. (1957) and Kovasznay et al. (1962) suggested that the
amplification of small disturbances becomes associated at some stage with the
concentration of vorticity, which subsequently distorts into a vortex loop within a
boundary layer. However, direct visualization of vortices has, not surprisingly been
limited, due to inherent experimental difficulties and the lack of general availability of
low-turbulence wind tunnels and water channels required for such observations. Novel
attempts to visually capture a vortex structure, using dye, hydrogen bubble and smoke
visualization have been tried over the years with some success. By using dye
visualization, Hama, Long & Hegarty (1957), observed that a two dimensional discrete
vortex line which is considered to be caused by an amplified perturbation wave, has a
strong tendency, in shear flows, to form a three dimensional vortex. They also showed
that the formation of a three-dimensional 'vortex loop' must occur before a turbulent spot
can originate near the top of the vortex loop and near the outer edge of the boundary
layer. The vortex loops themselves go through a process of distortion and extension,
finally resulting in the breakdown into turbulence. Once formed, a vortex loop moves

outward by self-induction and downstream owing to the streamwise velocity gradient.
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The trailing legs of the vortex remain in the near-wall region but are stretched forming
counter-rotating quasi-streamwise vortices that serve to pump low momentum fluid
away from the wall and into the outer flow region. This process was identified and
named by Kline et al. (1967) as 'bursting' or 'ejection’, and it provides an interaction
between the wall layer and the rest of the boundary layer. This confirmed findings from
earlier investigation by Runstandler ef al. (1963) who suggested that the ejection of low
speed fluid from the wall region is a primary mechanism for turbulent kinetic energy

production in fully turbulent boundary layers.

Head & Bandyopadhyay (1981), were the first researchers to detect what appeared to be
hairpin like structures in a fully developed turbulent boundary layer using smoke
visualization and hot-film measurement techniques. At high Reynolds numbers the
vortices were elongated and formed a 45° angle with the wall. For smaller Reynolds
numbers the vortices were observed to be more horseshoe shaped and less elongated.
More recently, Kim & Moin (1986), using 'large eddy' numerical simulation, identified
horseshoe-type vortical structures and these were also found to be inclined at this

characteristic 45° angle to the channel walls.

The formation of hairpin-type vortices during transition from laminar to turbulent flow,
in a tripped boundary layer, were captured by Perry et al. (1981) using smoke
visualization (figure 1.8). Similar evidence of vortices was presented by Acarlar & Smith

(1987 a,b) and in Robinson’s (1991) numerical simulations.

Important studies on vortex formation dynamics, were carried out by Acarlar & Smith
(1987 a,b) who performed a series of experiments in which single hairpin vortices were
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artificially generated in a subcritical laminar flat-plate boundary layer, in an attempt to
infer the structure of turbulence by cross-comparison of these isolated flow structures
within the flow. Using flow visualization techniques and hot-wire probe measurements,
they observed that the formation of secondary vortices, which appear upstrearﬁ of the
primary vortices (see Chapter 2 for a more detailed description). As these vortices travel
downstream, they breakdown into smaller vortices. It is during this cascade process of
wave breakdown that the original coherent structure forms random fluctuations which
are characteristic of turbulent flow. Haidari & Smith (1994) also published similar
findings, confirming that the repeated formation of secondary and subsidiary vortices

ultimately leads to a turbulent spot.

Acarlar & Smith (1987 a,b) also showed that many of the flow patterns generated by
advecting hairpin vortices appear similar to fully developed turbulent boundary layer
patterns. These similarities support the hypothesis that hairpin or hairpin-like vortices are
integral flow structures within the wall region of a turbulent boundary layer. This was
supported by Asai & Nishioka (1995), who experimentally examined transition at
Reynolds numbers below the critical linear-stability point and determined that artificially
induced hairpin vortices, were the key structures that led to transition. It should be
appreciated that although a hairpin vortex in a turbulent boundary layer will be neither
ordered or predictable as in the controlled tests of Acarlar and Smith, due to the chaotic
influence of the surrounding vortices, their study (and other similar kernel studies) show
that both streamwise and spanwise vorticity is amplified in a sheared environment. In
complementary studies, Tamai et al. (1987) carried out similar experiments to Acarlar &
Smith (1987 a,b), but in a fully turbulent boundary layer. A vortex structure formed in

front of a hemispheric hump was studied, and observed to be similar to those found at
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lower Reynolds numbers, in laminar flow. An increase in the number of streamwise

vortices emanating from the hemisphere was noticed with increasing flow velocities.

Haidari & Smith (1994), presented work using dye and hydrogen bubble visualization,
on the generation and growth of single hairpin vortices in a perturbed laminar boundary
layer. A fluid injection system was used as their initial perturbation and showed that if
the initial disturbance is large enough, a regeneration process occurs which results in the
development of new hairpin vortices. Haidari, Taylor, & Smith (1989) observed that the
vortex generation process depends strongly on boundary layer characteristics and the
initial perturbation parameters. It was noticed that within a critical parameter range,
hairpin vortices grow in a systematic manner and eventually evolve into a symmetric
multi-vortex structure which has the appearance of a turbulent spot. Visualization and
velocity results showed similarities between the spot and a fully developed boundary
layer. Smith et al. (1991) proposed a model of the turbulent boundary layer in which
they suggest that a hairpin vortex is a basic flow structure of boundary-layer turbulence
and attempted to explain key features of turbulent flow structure in terms of the motion

and effects of convecting hairpin vortices.

Schraub & Kline (1965), using hydrogen bubble techniques, were the first to visually
obtain a detailed picture of the streaky nature of the flow structure in a viscous sublayer
on a smooth wall. They showed that it consisted of elongated zones of alternating low
and high-speed regions. These ‘streaks’ were later observed by Amini & Lespinard
(1982) and Chambers & Thomas (1983) who detected this streaky pattern when carrying
out smoke visualization experiments. Blackwelder (1979) and Blackwelder & Eckelman
(1979) observed that pairs of counter-rotating vortices occur frequently at the wall region
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of a bounded turbulent shear flow. A streamwise momentum defect occurred between
the vortices as low speed fluid is pumped away from the wall. They postulated that this
defect region is the low speed streaks, which are often observed in visualization studies.
Such turbulent streaks will tend to form spontaneously, initially in zones of adverse

pressure gradients induced by the hairpin vortex.

Kline et al. (1967) linked this streaky structure to the bursting process, which they
described as a randomly occurring event comprising the gradual lift-up of the low speed
streak from the wall region, sudden oscillation and break-up. From visual data, they were
able to estimate that the average streak spacing, ), (the distance for one full wavelength),
for a smooth wall in all pressure gradients, gives a non dimensional value of
approximately A "=\v/u,=100 (where v/u, is the turbulent wall layer length scale and u, is
the wall shear velocity). Streak spacing tests by Perry, Lim & Teh (1981) inside a
turbulent spot produced values that ranged between 3+=80 and ).=105, indicating a

connection between a turbulent spot a fully turbulent boundary layer.

Grass (1971) using similar hydrogen bubble visualization techniques to Kline et al.
(1967), went on to identify sweep and inrush effects connected to this bursting and
ejection phenomenon and demonstrated that the inrush events bring high speed fluid
close to the boundary, forming the high speed streaks in an action which intensifies the
near wall vorticity which is subsequently transported away from the wall by ejections.
Furthermore, Grass (1971) and Grass et al. (1991) additionally demonstrated that these
ejection/inrush effects were common to both smooth and rough boundary flows. It was
concluded that these were a common feature of boundary layer turbulence and argued
that a shared mechanism exists for the generation of turbulent structures, irrespective of

57



the type of wall roughness.

L3.7 The effect of pressure gradients

Turbulent spots growing in a favourable or adverse pressure gradient are significantly
different from spots observed in zero pressure gradient conditions. Wygnaski (1981),
carried out turbulent spot experiments in a favourable pressure gradient to study
turbulent spot entrainment. The introduction of the favorable pressure gradient slows
down the spot breakdown (the opposite is true for an adverse pressure gradient),
providing the opportunity for a more detailed analysis of transition that would
normally be possible in a Blasius boundary layer profile. Pressure gradient studies
carried out by Katz, Seifert & Wygnaski (1990), showed that the growth of the spot
was significantly inhibited by a favorable pressure gradient in all three directions and
that there was a reduction in the rate of lateral spread of the spot. The velocities of the
leading and trailing edge boundaries did not scale with the local free-stream velocity
as they do in the absence of a pressure gradient. A spot developing in a favourable
pressure gradient does so at highly sub-critical Reynolds numbers, and so in the case
of Katz et al. (1990), the familiar Tolmien-Schlichting wave packet normally
accompanying the spot was not observed because the surrounding boundary layer
was very stable. The wave packet will re-appear with increasing Reynolds number
and as it reaches supercritical values (based on laminar boundary layer parameters),
the wave packet will break down, forming a turbulent patch that will eventually join
the turbulent spot region. The fact that the Tolmien-Schlichting wave packet does not
break down, or even form in favourable pressure gradient conditions might explain
the difference in lateral spread angle between zero and adverse/favorable pressure

gradient conditions. Katz et al. (1990) noticed that the spanwise spread of the spot in
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a favourable pressure gradient was approximately 50% of the spanwise spreading rate
in a Blasius boundary layer at comparable Reynolds numbers. Thus the suggested
‘growth by destabilization' process (see Gad-el-Hak, Blackwelder & Riley 1981), was
weakened by the favorable pressure gradient. On the other hand, an adverse pressure
gradient will increase the lateral spread half-angle of the spot because the Reynolds
number of the surrounding boundary layer will be supercritical, (see Seifert &

Wygnaski (1995)).

138C ter Simulati
Computer simulations have been available since the 1970's but it wasn't until the 1980's
with the availability of more powerful digital computers that the avenue of computer
generated simulations was put to an effective and productive use. Probably the most
complete and conclusive evidence of coherent vortical structures has come from recent
computational studies, (see Robinson (1991), for example). Two approaches to turbulent
flow simulation have been utilized: Large-Eddy Simulation (LES) and Direct-Numerical

Simulation (DNS).

In Large-Eddy Simulation, the small scales of the flow are modelled while the remaining
scales are computed directly with the three-dimensional, time-dependant Navier-Stokes
equations, which are averaged over the small scales whereas Direct Numerical
Simulation attempts to accurately resolve the turbulent motions at all relevant scales at
greatly increased computational cost. Although both methods require state-of-the-art
supercomputers for reasonable run-times, DNS is still limited to low Reynolds number

flows with simple geometries due to the still remaining computational limitations.
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Using Large-Eddy Numerical simulations, Moin & Kim (1982) managed to simulate
successfully a fully developed turbulent boundary layer flow and identify the alternating
high and low speed streaks in the near wall region. Moin & Kim (1985) and Kim &
Moin (1986), by further investigating this simulated flow, identified horseshoe type

vortical structures in the boundary layer.

Robinson’s 1991 numerical simulations indicated that the most commonly observed
vortical structures were asymmetric ones, vortical arches often appearing lopsided and
pairs of near-wall quasi-streamwise vortices only rarely occurring as equal-strength
counter-rotating pairs. His work also demonstrated that single quasi-streamwise
vortices, produce both ejections and sweeps, without the need for an equal strength twin

(see figure 1.9).

Sandham & Kleiser (1992) carried out DNS to simulate the late stages of transition to
turbulence in channel flow. They described the development of hairpin vortices and
found that the break-up of these vortices leads to the formation and roll-up of new shear
layers near the wall and to the subsequent appearance of 'wall turbulence'. High wall
shear layers, sublayer streaks, ejections and sweeps were all observed. The important
role that vortex structure interaction plays during the transition to turbulence stage was

again, confirmed.

More recently Brinkman & Walker (2001) carried out a simulation of symmetric

counter rotating vortices and observed that at sufficiently high Reynolds numbers, Re,

an oscillation is found to develop in the streamwise vorticity field.
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Above a critical value of Re, the oscillation grows rapidly in amplitude and eventually
penetrates the external flow field, suggesting the onset on an unstable wall-layer
breakdown. Local zones of severely retarded streamwise velocity were also computed
which are reminiscent of the low-speed streaks commonly observed in boundary layers
(see for instance the experimental work of Schraub & Kline, 1965 and Kline et al.,
1967). Similar high frequency oscillations were also observed during experimental

work carried out by Gaster (1990) and Breuer, Cohen & Haritonides (1997).

Henningson, Lundbladh & Johansson (1993), carried out DNS to study the linear, non-
linear and breakdown stages in the transition of large three-dimensional localized
disturbances. They found that a dominating feature of the evolution of small-amplitude
localized disturbances is the generation of an inclined shear layer caused by the lift-up
effect, (see Landahl, 1975), as did Breuer & Haritonides (1990). These shear layers
were seen to roll up and after the first sign of breakdown the disturbance quickly
developed into a small turbulent spot. This was also observed in the present
visualization studies which are described in some detail in Chapter 7. A little later,
Henningson, Johansson & Alfredsson (1994), carried out simulations of turbulent spot
formation in plane Poiselle and Couette flow at different Reynolds numbers. The
spreading and propagation velocities of the different spots proved to be quite similar.
The velocity field inside the spot displayed all the characteristics of fully developed
turbulent flow. Some doubt was expressed, however, on the mechanism behind the
rapid spreading of the spots but stability calculations and observations of wave activity
point towards a ‘growth by destabilization mechanism’ (i.e. where the laminar flow

surrounding the spot is being destabilized by the turbulent region that makes up the
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spot; see Gad-al-Hak et al., 1981), for all the observed cases.

Direct numerical simulations of a hairpin vortex in a time-developing boundary layer
were also carried out by Singer & Joslin (1994) whose calculations showed a multiple
hairpin vortex structure upstream of the primary vortex. Stability calculations
suggested that a rapid instability mechanism might be responsible for the roll-up of the
secondary and subsidiary vortices. The regeneration of additional vortices resulted in a
formation of highly disturbed flow with an arrowhead shape, similar to that of a
turbulent spot. Singer (1996) extending his calculations found numerous high intensity
streamwise vortices, which were at times more intense than the more commonly

observed spanwise vorticity concentrations.

Carlson & Lumley (1996a), revealed by direct numerical simulation of laminar flow
over a rising obstacle, the presence of vortical structures identical to those found over a
stationary obstacle. These structures intensified and stretched by the upward velocity of
the boundary as they assumed more vertical attitudes. This amplification leads to a
vortex shedding event as the actuator decelerates into a stationary position. Carlson &
Lumley (1996b), extended their DNS studies and investigated the possibility of active
control in a turbulent boundary layer. They observed that by raising the actuator (as
used in Carlson & Lumley 1996a), underneath a low speed streak causes an increase in
drag, whereas raising it underneath a high-speed streak effects a reduction, thus

indicating a mechanism and possible methodology for turbulence control.

The current experimental observations, using a 3-D transient mound disturbance, as
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described in this thesis, employ a similar perturbation type and development as used in
the numerical simulations carried out by Carslon & Lumley (1996) and is an excellent
opportunity for comparison, therefore, between their numerical simulations and the

present physical experiments (see Chapter 8).
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CHAPTER 2

2.1. Introduction

Many researchers in previous years have carried out studies relating to fluid flow
transition and turbulence generation (see Chapter 1). As already mentioned in Chapter 1,
previous numerical simulations and experimental studies have directly linked the
existence of vortex structures with the generation of boundary layer turbulence (e.g.
Theodorsen, 1952; Hama 1962, Grass, 1971; Grass 1991; Robinson, 1991). These
organized structures formed by the roll-up of 3-D shear layers act as efficient pumps,
lifting mass, momentum, vorticity, heat and surface pollutants, for example, out from the
wall, into the body of the flow as part of the so called bursting process. It has been
recognized for a number of years now that turbulent/transitional spots contain coherent
vortical structures which are identical in key respects to their counterparts in fully
developed turbulent boundary layers. A systematic study of these generic spot structures
which are made up from relatively simple 3-D vortical structures (hairpin, horseshoe,
and streamwise vortices) might yield important insight which is relevant to the more
complex fully developed turbulent boundary layer case. There is, therefore, a large
amount of current interest in the experimental observation and numerical modelling of
vorticity and vortex structures. The current study focuses on the observation of single
vortex vortical structures, which are triggered by the transitory inflation of a circular
rubber diaphragm, in a Blasius boundary layer, formed on a flat plate under zero pressure

gradient conditions and their ultimate breakdown to turbulence.

Although the literature survey in Chapter 1 provides an up-to-date review of vorticity
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and vortical structures observed in transition experiments in boundary layer flow, it will
be useful to present a brief introduction into vorticity theory with a more detailed
account of the physical characteristics of coherent structures and their interaction with
the surrounding flow field and the wall region. For a more detailed introduction of

vorticity and coherent vortical structures, see Smith (1996).

2.2 Vortici

Goldstein (1965) gives a qualitative introduction to the phenomenon of vorticity.

“ The vorticity is a vector quantity, of the same nature as angular velocity, and its
meaning may be explained by imagining an infinitesimally small sphere at any point of a
Sfluid in motion to be suddenly solidified, as by freezing, in such a way that its angular
momentum about its centre is unchanged; if the resultant solid is found to have rotation,
then the fluid was possessed of vorticity, which by definition is equal to twice the initial
angular velocity of the solid sphere. A vortex line is then defined as a line drawn in the
Sfluid so that its tangent to it at any point has the direction of the axis of the vorticity at
the point. The vortex lines through every point of a small closed curve form a tube,

called a vortex tube.”

Vorticity at a point in a fluid can be defined as twice the instantaneous rate of spin of a
small element of fluid centred at the point. It is by definition zero in irrotational flow and
its magnitude is determined by spatial velocity gradients. Since boundary layers are
regions of large velocity gradients, they are also regions of high vorticity. Since vorticity
is a vector quantity it can be represented in the form of three orthogonal components, Qx,
Qy and Q),, where the axis of rotation lies parallel to the x, y or z axis respectively. The
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sense of rotation of the velocity vector follows the right hand corkscrew rule. The three

components are given by the following relationship:

2.1)

Helmholtz (1858) and Kelvin (1869) carried out important theoretical work regarding the
properties of vortices, or vortex filaments. These theorems govern the behaviour of

inviscid three-dimensional vortices and are summarized below:

1. The product of the magnitude of vorticity and the area of the normal cross section at
any point is defined as the strength of a vortex. Vortex strength is constant along a vortex
line.

2. As a consequence of (1), a vortex cannot end in the fluid. It can only end on a
boundary or extend to infinity. (Of course, in a real viscous fluid, the vorticity is diffused
through the action of viscosity and the width of the vortex line can become large until it
is hardly recognised as a vortex line).

3. A vortex tube moves with the local flow velocity.

Three-dimensional vortex interactions, such as those characteristic of turbulence, depend
on the process of vortex stretching. For the stretching process to occur, a strain
mechanism must exist. In a boundary layer flow, this strain is provided by the velocity

gradients caused by the bounding wall. As indicated by Kelvin’s theorem a viscous,
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rotational flow consists of many elementary vortex tubes, all of which must form closed
loops in all real fluids. Kelvin's theorem also indicates that for a vortex tube in an
incompressible flow, the product of the cross-sectional area times the local vorticity
magnitude must remain a constant. Thus, when a vortex tube is compressed along its
length, the cross-sectional area expands and the local vorticity diminishes. Conversely,
the vorticity and the velocity of the tube, (and hence its energy content), will intensify as

stretching takes place.

More recently, Robinson (1991) adopted the following definition for a vortex: A vortex
exists when instantaneous streamlines mapped onto a plane normal to the vortex core
exhibit a roughly circular or spiral pattern, when viewed from a reference frame moving

with the centre of the vortex core.

Jeong & Hussain, (1995) proposed a definition of a vortex in an incompressible flow in
terms of the eigenvalues of the symmetric vector S+’ (where S and QQ are respectively
the symmetric and antisymmetric parts of the velocity gradient tensor Vu). The vortex is
defined as the region of negative )», the second largest eigenvalue of the tensor S+,
which captures the pressure minimum in a plane perpendicular to the cortex axis at high
Reynolds numbers, and defines vortex core at low Reynolds numbers. A number of other
vortex definitions exist (see for example Chong et al., 1990) and not enough evidence

exists to fully support any one particular definition.

A vortex structure is defined, for the purposes of this study, as a concentration of
vorticity, which is generally forming a complex three-dimensional shape. This is in
contrast to the occasional usage of the term 'vortical structure' in the literature, to
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describe any region with locally concentrated vorticity. The difference between the two

usages of the term arises from the need to distinguish between vortices and vorticity.

A single hairpin vortex will generally form due to the roll-up of an intense free shear
layer, normally caused by a relatively large initial disturbance. Haidari et al. (1989) and
Haidari & Smith (1994) carried out a very comprehensive study of vortical structures in
which hairpin vortices were generated in a Blasius boundary layer using a fluid injection
technique and were observed as they travelled downstream (see figure 2.1). Their
experiments indicated that three parameters characterized the behaviour of the vortices:
(i) the perturbation strength Reynolds number (Re.w=V.w/v), based on the injection
velocity (Vw) and the slot width (w) (ii) the approach flow Reynolds number
(Resi=UL81/v), based on the free-stream velocity (Ueo) and the displacement thickness
(&1) and (iii) the non-dimensional injection parameter, (§1/tU,) based on the injection
period (t). (NOTE: (i) is a parameter solely relevant to that particular study whereas (ii)
and (iii) are more generally relevant to boundary-layer stability studies). They suggested
that a turbulent boundary layer sustains its "turbulent nature" by: (i) the generation of
subsequent vortices; and (ii) the interaction between vortices in the flow with both the
surrounding shear flow and with the adjacent solid boundary. A systematic investigation
over a broad parametric range by Haidari & Smith (1994), identified three hairpin
formation regimes: (i) critical (single hairpin vortex formation), (ii) subcritical (no
hairpin vortex formation) and (iii) supercritical (where the perturbation generated by the
injected fluid spawns multiple vortices). These regimes were mostly dependent on the

injection Reynolds number, Reyw.
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The symmetric structure shown in figure 2.2 was originally proposed by Theodorsen
(1952) and is the simplest conceptual model, which can explain the important features of
flow behaviour near the wall. The illustration shows the horseshoe shaped vortical
structure inclined in the direction of flow. Turbulent flow however is a complex,
unsteady environment of vortices and smaller-scale high frequency disturbances

embedded in a strongly-sheared background flow.

As a consequence most vortices in turbulent flow, and to a lesser extent transitional flow,
are expected to exhibit some degree of asymmetry as shown by Smith’s (1996)
schematic diagram in figure 2.3. Recent direct numerical simulations (DNS) by
Robinson (1991) which was based on turbulence data produced by Spalart (1988),
illustrate the dominance of these asymmetric hairpin-like vortices (implying that the
major proportion of the vorticity associated with the vortex is aligned in the streamwise

direction), (see also Chapter 1, figure 1.9).

Hon and Walker (1991) carried out Biot-Savart simulations on hairpin vortex behaviour,
concentrating on understanding the dynamics of an advected hairpin vortex in shear flow
(The Biot-Savart law relates the velocity induced by a vortex filament and its self
induced motion to its strength and orientation). They considered a two-dimensional,
spanwise line vortex located above a plane wall and observed that if the vortex is located
in a shear flow, any small distortion of the line vortex will spread and amplify quite
rapidly as it advects in the shear flow. It was suggested based on the simulation results
that hairpin vortices are streak generators, and that an advecting hairpin vortex induces
the concentration and eruption of the viscous flow near the wall in a manner similar to
that observed by Kline ef al. (1967) during their turbulent
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Figure 2.2: Primary structure of wallbound turbulence. Theodorsen (1952).
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(a) Symmetric (b) Asymmetric

Figure 2.3: Schematic diagram of typical hairpin vortex configurations. Since of vorticity indicated by arrows. Smith (1996).
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boundary layer investigations. Smith e al. (1991) in describing a model of the turbulent
boundary layer based upon a series of computational studies, suggested that the creation
of new hairpin vortices is a regenerative process (a secondary vortex will form
depending on the strength of the ‘primary' vortex), providing an explanation of how

hairpin type vortices continuously form within a boundary layer.

Figure 2.4 shows a Biot-Savart simulation (Smith, 1996) of the rapid deformation end
expansion experienced by an inviscid two-dimensional vortex with a small initial three-
dimensional distortion when placed in a region of uniform shear. The characteristic
spacing of the spanwise legs, indicated by A in figure 2.4c, is mainly dependent on the
strength of the shear, with either higher background shear or reduced vortex strength
(relative to the shear) producing smaller }, spacings. Calculations described by Smith et
al. (1991) in which the growth of an asymmetric line vortex was studied indicated that
the initial asymmetry in line vortex will lead towards the formation of a large scale,

asymmetric hairpin vortex.

It has been speculated that hairpin or horseshoe vortices as proposed by Theodorsen in
1952 (figure 2.2) provide an active mechanism for the creation of low speed streaks. This
hypothesis has now been supported by a number of physical experimental and numerical
simulations (e.g. Acarlar & Smith, 1987a, 1987b; Haidari & Smith, 1994, Singer &
Joslin, 1994; Robinson 1991). These experiments showed that an advecting hairpin
vortex near a wall causes a trail of upwelling fluid adjacent to each leg of the vortex,
visualized as two low speed streaks. In the case where the vortex legs are closer together,
it is possible for the two streaks to merge, giving the appearance of a single streak (figure
2.5). The streak originates from the side of the trailing vortex leg where the flow is away

74



Head Subsidiary
Vortex

Trailing
Leg
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Figure 2.4: Evolution of a symmetrical hairpin vortex in a shear flow. (a) initial distribution; (b) development of vortex head and legs; and
(c) evolution of subsidiary vortices and penetration of the legs towards the surface. Reproduced from Smith (1996).
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from the wall, and travels together with the vortex as it advects downstream. Lateral
oscillations of low speed streaks are often observed in the wall layer (Smith, 1984) and
this is believed to be the result of weak, pressure-induced jostling action associated with

upstream vortices overrunning existing streaks

Smith (1996), pointed out that all streaks are transient flow structures which must
eventually terminate because either the hairpin (i) dissipates due to viscous effects, (ii)
moves away from the wall (by mutual induction with neighbouring vortices) or (iii)
provokes a local wall layer eruption (this is the most common of all cases in flat plate,
laminar boundary layer flow with zero pressure gradient conditions and is the case which

is investigated in this thesis).

As a hairpin vortex advects downstream, towards higher Reynolds number regions in a
flat plate laminar boundary layer (Reynolds number Res increases as boundary layer
displacement thickness §; increases), the local adverse pressure gradient caused by the
vortex trailing legs causes a wall-layer eruption which lifts low speed fluid into the outer
part of the boundary layer. The high speed fluid in the outer part of the laminar boundary
layer passes over the low speed fluid to create free shear layers, which subsequently roll
up into new hairpin-like vortices, giving rise to the production of turbulent energy and
the sustaining momentum exchange necessary to perpetuate turbulence. This process
was presented in schematic form by Smith (1996) (see figure 2.6). This regenerative
activity was clearly observed by Haidari & Smith (1994), who observed that the
production of new hairpin vortices quickly leads to a streamwise and spanwise spread of
the original disturbance in an otherwise laminar boundary layer. Eventually, from a

single  hairpin  vortex, a three-dimensional structure evolves, similar
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to a turbulent spot. Recently Singer & Joslin (1994) performed a DNS simulation of the
Haidari and Smith experiment, and have shown similar regenerative and interactive

behaviour.

The investigation of coherent vortical structures has seen major expansion in recent
years, largely due to the availability of direct numerical simulations of turbulent flows
and the introduction of novel experimental methods and data processing techniques as in
the present thesis. Investigative research, including findings in the present study, has
provided abundant evidence of the direct link between coherent vortical structures and
turbulent spot formation and has also confirmed the similarities between these structures

and those found in turbulent boundary layers, both over smooth and rough walls.

Confirmation of the presence of coherent flow structures embedded in chaotic fully
developed boundary layer turbulence has been achieved both by direct observation using
visualization techniques, and by the correlation of grid data obtained from laser and hot-
wire anemometers (see Grass et al. (1991) for example). The present study uses the two
techniques in combination and sets out to provide significant new evidence and
understanding of the direct link between hairpin vortices and turbulent spots. A
particular effort is made to try and pin-point the physical cause of transition and the
position where it is initially observed in relation to the transitional vortical structure,
corresponding to the onset of chaotic turbulence and the break from coherent fluid

motion.

There are still many significant gaps in our current understanding of coherent vortical
structures and their subsequent development into turbulent spots. Numerous questions
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remain unanswered, therefore, particularly regarding the physics and mechanics in the
field of turbulence theory. By continuing to combine experimental observations with
findings from increasingly powerful computational investigations, it is hoped that sound
physical understanding will be provided, as a route to future development of greatly
improved analytical and theoretical modelling of the highly complex turbulence

mechanics.
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CHAPTER 3

3.1 Introduction

The subject of turbulence theory has been studied extensively by numerous researchers.
The current thesis focuses on the laminar-to-turbulent transition phenomenon and the
role that coherent vortical structures play in this process and in turbulence mechanics. A
background to transition studies and an examination and theory of coherent structures
has been given in chapters 1 and 2 respectively. Detailed theoretical descriptions of

turbulence can be found in numerous textbooks, including Batchelor (1955), Townsend

(1976) and Schlichting (1979).

The experiments presented in this investigative research project have taken place in a
laminar boundary layer growing on a flat plate under zero pressure gradient conditions.
The theory presented in this chapter, therefore, commences with a brief description of
the equations of motion, but concentrates more on the areas of laminar boundary layer
theory and stability theory, which are relevant to the present study. A more detailed

description of boundary layer theory can be found in Schlichting (1979).

32T i f moti
Newton's second law, when applied to a moving fluid element, states that the sum of
external forces acting on a fluid element is equal to the product the product of mass x
acceleration (F=ma) for the element. This is the basis of the Navier-Stokes equations,
governing the unsteady motion of a body of fluid.
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For general unsteady flow of a viscous Newtonian fluid, the Navier-Stokes equations

take the following form:

—tUu—Ftv—Ftw—=-=+W +vViy >
(3.1)

_a._w.—i—u@-{—va_w_—}- @:_i.a;p.ﬁ-Wz-vazw )
ot ox oy 0z poz

Where W,, W, and W, are the body forces per unit mass acting on the fluid, », v, w are
the instantaneous velocity components on the x, y, z Cartesian axis directions

respectively and the symbol v° denotes the Laplace operator, V= 2/ax2+(’)2/ay2+az/azz.

The simple formulation of these equations was originally derived by Navier (1827) and
the generalized form by Stokes (1845). Full summaries of the derivation are presented,

for example, by Batchelor (1967) and Schlichting (1979).

In fluid motion, the external forces acting on the fluid element are comprised of:

(i). Body forces, which are commonly gravitational forces acting directly on the
volumetric mass, and

(ii). Surface forces, which act directly on the surface of the fluid element, and can be
attributed to (a) The pressure distribution acting on the surface, impdsed by the
surrounding fluid and (b) the shear and normal stress distribution acting on the body due

to viscous effects.
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Using the same notation as above, the continuity equation for incompressible flow

becomes;

Ou Ov ow (3.2)

In turbulent flow, the velocity at a certain point can be expressed in terms of a mean and
fluctuating component (U +u'), where U is the ensemble averaged component and u' is
the deviation from the mean. For general two-dimensional flow, the shear stress is now

represented by:

AT TP (3.3)

The viscous stress component (,(dU/dy)) represents the shear stress due to molecular
transfer of momentum across planes parallel to the bed and the additional term (- pu'v’
represents the Reynolds shear stress introduced by the momentum transfer due to the
mixing action of the turbulence across the shear layer. The Reynolds stress is of major
importance in turbulent flow, since work is done by the mean flow to shear the fluid
against its retarding action. The work rate, (locally expressed as -pu'v'(dU/dy) is the

primary source of the energy required to sustain the process of turbulence generation.

In a turbulent boundary layer flow, away from the immediate wall region, the viscous
term (1(dU/dy)) becomes negligible and hence,ithe shear stress can be approximated to

the Reynolds stress.

Often, turbulence models will involve a parameter u, known as the wall-friction
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velocity or the wall-shear velocity and defined as:
u, =(z,/p)" 34)

where 7, is the wall shear stress and p is the density of fluid.

NOTE: This parameter (u,) is introduced because the ration tw/p frequently occurs in
equations describing boundary layers. It is not a physically real velocity. It has the

dimensions of velocity, but its magnitude is determined by the wall shear stress.

The experimental investigation presented in this thesis, describes tests carried out under
2-D laminar flow conditions, over a smooth flat plate with a zero pressure gradient. The
discussion in this section, therefore, focuses on this type of laminar flow with these

properties.

3.3 The L aminar Boundary Layer
The boundary layer concept, first introduced by Prandtl, assumes the flow over a solid

surface can be split into two regions:

(a) a layer adjacent to the surface, in which viscous forces predominate termed the
boundary layer, and
(b) a region outside the boundary layer in which viscous forces are negligible so that

potential flow theory can be used.

The boundary layer thickness §is defined as the value of the wall distance y where the
local velocity u is equal to the free stream velocity Uco. In practise this definition is

inexact since the local velocity approaches the free stream velocity asymptotically with

84



wall distance and so the bouﬁdary layer thickness §is often taken as the value of y when

u = qU,, where 0< ¢ <] with § frequently taken as 0.99 for practical purposes.

In the case of two-dimensional non-steady flow, in the x, y plane, the Navier-Stokes

equations (3.1) transform into

a—u+u—a—g+va—u:—l@-+WX+VV2u
ot ox Oy p Ox

3.5
¥ +u P, @ 1o, W, + W
o Ox 5‘y p Oy
and the continuity equation (3.2) becomes
é’i + @ =0
o oy 3.6)
For steady two-dimensional flow, equations (3.5) reduce to
ugu—+va—u= -i-aﬁ+vvzu
x Oy pox
3.7
ov,G ov_ 1op 5 37
Uu—+v—=-—"T+vyivy
x oy p

3.4 The Blasi luti

The streamwise development of a laminar boundary layer was theoretically modelled
for the first time by Blasius (1908) using the Navier-Stokes equations applied to steady,
two-dimensional flow (equations 3.7), over a smooth flat plate at zero incidence angle to

the approach flow. Blasius’ solution is shown below following Batchelor (1967).
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For flat plate, steady, incompressible flow with free stream velocity Uco, which is

parallel to the x-axis, the velocity of potential flow is constant and therefore dp/dx=0.

By neglecting small value terms the boundary layer equations then become:

ou ou_ 'u
“5”5‘@7 (3.9)
ou v _ (3.10)
ox Oy
With the boundary conditions:
y=0:u=v=0; y=o:u=U, 3.11)

By introducing a new dimensionless variable r| in equation (3.10), so that

n:y\/.‘.]:. (3.12)
1 %9

the continuity equation can be satisfied by introducing a stream function v such that

u = dy/oy, = -Qy/oX

and v =, f(n)

By substituting into equation (3.9), the following differential equation is obtained

F'+2f"=0 (3.13)

where the dashes denote differentiation with respect to 7. This can be solved to produce

the velocity profile for a laminar boundary layer along a flat plate at zero incidence.

86



From this solution the value of §approximates to:

5,y = 4.99 |5 (3.14)
Us

The boundary layer thickness on a flat plate is defined in equation (3.14) as a function of
the distance from the leading edge of a flat plate, x. It is evident that § must increase
with distance x, since the frictional force exerted by each additional portion of the plate
surface contributes to the loss of momentum of the fluid passing over it. For a laminar
boundary layer, on a flat plate with zero pressure gradient (see figure 3.1), the boundary
layer thickness, §, increases in proportion to x' where x denotes the distance from the

leading edge.
Another physically meaningful measure for the boundary layer thickness is the
displacement thickness . This is the distance by which the external potential flow field

is displaced outwards as a consequence of the decrease in velocity in the boundary layer

and it has been calculated for the Blasius boundary layer solution to be:

5= 1.7208,/U£ (3.15)
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Figure 3.1: Sketch of boundary layer on a flat plate in

Barallel flow at zero incidence. The boundary layer thickness § increases with
proportion to X" Reproduced from Schlichting (1979)
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The boundary layer starting from a leading edge is initially laminar becoming turbulent
at some point downstream. The basic non-dimensional flow parameter indicating
relative susceptibility to instability and transition is the Reynolds number (the ratio
between inertial forces and viscous damping forces acting on the sheared fluid
elements). Under zero pressure gradient conditions, flow on a flat plate with a zero angle
of incidence to the approach flow, where the intensity of turbulence T~0.5%, becomes

transitional at a distance x from it as determined by:

Rx.cril = [waj = 32 X 105 (3-16)
v crit

For very low turbulence intensities, i.e. T<0.5%, the critical Reynolds number may be
increased. Schubauer & Skramstad (1947) with a turbulence intensity of about T=0.1%

attained a critical Reynolds number of Rei=2.8 x 10°.

1.5 Linear Stability Tt

Theoretical investigations attempting to model the process of transition have been
undertaken from the latter part of the 19" century. Transition is influenced by many
physical factors but it is very crucially affected by the level of pre-existing disturbances
in the approach fluid flow, frequently generated by external vibrations and wake
turbulence from upstream objects, or in the case of wall-bounded shear flows, surface
roughness. The theory attempts to predict the time development of idealised, controlled,
infinitesimal disturbances when they are introduced into the shear flow. (NOTE: Linear
Stability theory attempts to ascertain when a flow is unstable to infinitesimal
disturbances. It thus gives no prediction about transition induced by sufficiently large
disturbances). In particular, linear theory (which can be traced back to Reynolds, 1895)

addresses the question as to whether these disturbances amplify or decay with time. If
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the disturbances decay with time, the flow is considered to be stable, whereas if they
amplify, the flow can be described as unstable, and there exists the possibility of
transition to turbulence. This theory is termed the "Theory of instability" with a key
objective to predict the value of the critical Reynolds number for transition to turbulence

in a prescribed flow.

Both Reynolds (1895) and Lord Rayleigh (1895, 1913) have carried out extensive work
in an attempt to solve this problem. These efforts led to very complicated calculations,
which for a very long time remained devoid of success until about 1930 when Prandtl
and his colleagues managed to satisfactorily predict the value of the critical Reynolds
number for a flat plate at zero incidence. Experimental verification did not occur until
about ten years later where excellent agreement between theory and experiment was
obtained by H. L. Dryden and his co-workers (see section 3.6). A comprehensive
account of the theory of stability is given by Schlichting (1979) in his book "Boundary

Layer Theory", which is mentioned here as a reference.

The linear stability theory for a particular flow starts with a solution (or approximate
solution) of the equations of motion representing the flow. The solution with a small
perturbation superimposed on the mean flow, is then considered, the objective being to

ascertain whether this perturbation grows or decays with time.

The theory of stability of laminar flow decomposes the motion into a mean flow and a
disturbance, which is superimposed on the flow. By describing the mean (steady) flow
by its Cartesian components, U, V, W and its local average préssure P, the corresponding
quantities for the fluctuating flow part will be denoted by «, v/, w'and p’, respectively. It
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is normally assumed that the quantities relating to the disturbance are small when
compared to the corresponding quantities of the main flow. In the resultant motion, the

velocity and pressure components are:

u=U+u, v=V+V, w=W+w', p=P+p' (3.17)

For a two-dimensional, incompressible, parallel flow, (U=U(y), V=W=0), the above

equations become:
=U+u', v=V, w=0, p=P+p' (3.18)
By substituting equations (3.18) into the Navier-Stokes equations for a two-dimensional

incompressible, non-steady flow, (equations 3.5), and neglecting quadratic terms we

obtain,

’ 1] ] 2
ou'  ou AU 1gp 1 ap_v[d U+V2u,J (3.19)

+U—+v 4+ - ——= >
ot Ox dy pOox pox dy

Vg LB 1P gy (3.20)
ot ox pox pox

After simplifying, the following equations are obtained:

iy § e b 5 +vV2' (3.21)

—+U'—='— VVZ 1]

o V%o (3.22)
w LV _y (3.23)
ox Oy

where V> denotes the Laplacian operator Flox* + &loy*
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A stream function representing a single oscillation of the disturbance is introduced, and

is assumed to be of the form

wixy.t) =g() > (3.24)

In equation (3.24), o is a real quantity, A=2n/q, is the wavelength of the disturbance, the
complex quantity B = @ + i, where p; is the circular frequency of the partial oscillation

and B; is the amplification factor and determines the degree of amplification or damping.

By substituting equation (3.24) into equations (3.21) & (3.22) an ordinary, fourth order

differential equation for the amplitude ¢()) is obtained as follows:
3.25)

U-cXg"-a'$)~U"g=———(¢"" - 20¢" +a'p)

This is the fundamental equation for the disturbance (stability equation) which was
formulated by Orr (1907) and Sommerfeld (1909) who independently formulated
stability theory for viscous fluids and it is commonly referred to as the Orr-Sommerfeld

equation.

Vibrating ribbon experiments in zero-pressure-gradient boundary layers have confirmed
the applicability of the above theory. Schubauer & Skramstad (1947), using a vibrating
ribbon, flush with the wall to excite waves of various frequencies, demonstrated that the
Blasius laminar boundary layer developing on a flat plate does become unstable at a
certain Reynolds number, to infinitesimal amplitude waves that are solutions to the Orr-
Sommerfeld equation. When the initial wave, however, is not so weak, its development
begins to deviate from that of theoretical prediction at some downstream distance

indicating non-linearity (see for instance the experiments of Klebanoff, Tidstrom &
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Sargent; 1962). The wave during its non-linear stages has a tendency to become three-

dimensional prior to its eventual breakdown.

Linear stability analysis results, for a prescribed laminar flow can be represented
graphically by the curve of neutral stability (figure 3.2). The lower and upper branches
(I & 1) of the curve, separate the region between stable and unstable disturbances. The
point on this curve at which the Reynolds number has its smallest value indicates the
value of Reynolds number below which all individual disturbances decay, whereas
above that value, at least some are amplified. At high values of Ry, the range of
frequencies to which the boundary layer is unstable decreases and tends to zero as the

Reynolds number tends to infinity.

According to Tollmien (1929), Schlichting (1933) and Jordinson (1970) who
investigated the stability of the boundary layer on a flat plate, the smallest Reynolds
number for which a disturbance can exist and grow represents the critical Reynolds

number and is given by:

Roton= (Q”—&J =520 (3.26)
crit

Where §; is the boundary layer displacement thickness.

This is known as the point of instability for the boundary layer on a flat plate. Below this
value, no infinitesimally small disturbances amplify. The experimentally observed point
of transition will always lie downstream of the theoretical point of instability since
turbulence is created along the path from the point of instability to the point of transition
owing to the amplification of the unstable disturbance.
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The Reynolds number of a laminar boundary layer, growing on a flat plate increases
with distance downstream. The development of a wave of a given frequency may be
illustrated by a horizontal line on the stability loop (figure 3.3). From these figures (3.2
& 3.3), it can be seen that only a narrow range of wavelengths and frequencies are
“dangerous” for the laminar boundary layer. For points on branch I of the neutral curve,
an increase in Reynolds number results in amplification, whereas for points on branch II

an increase in Reynolds number leads to decay of the infinitesimal disturbance.

3.6 The effect of background turbulence

Early experimental tests on the drag of spheres showed that the critical Reynolds
number of a sphere depends largely on the strength of the disturbances in the free
stream. At around 1940, once it became accepted that the intensity of turbulence exerts
an influence on the process of transition, H. Dryden assisted by his colleagues G. B
Schubauer and H. K. Skramstad undertook an extensive experimental investigation into
the phenomenon of transition from laminar to turbulent flow. For very low turbulence
intensities (7= +fu ?/U,)<0.001), a critical Reynolds number of Rerir=(Ux/1)cri=2.8 X 10°
was achieved. Previous investigations in wind tunnels, (see Burgers (1924), for
instance) with turbulence intensities of the order of 0.01, returned a critical Reynolds

number of about 3.5 x 10°.
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Figure 3.2: Curve of neutral stability for the disturbance wavelength ¢ §; as a function
of the Reynolds number fro the boundary layer on a flat plate at zero incidence (Blasius
profile). Theory according to Tolmien (1932); numerical calculations by Jordinson
(1970). Reproduced from Schlichting (1979).
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Figure 3.3: Stability loop in a Blasius profile, based on data by Barry & Ross (1970).
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The distance between the point of instability and transition depends to a large degree on
turbulence intensity. This distance decreases as the turbulence intensity is increased
because in the presence of large velocity fluctuations, only a small amount of
amplification is required to produce turbulence, from the unstable disturbances. This is
illustrated by the experimental results obtained by Schubauer & Skramstad (1947),
(figure 3.4) and Granville (1953), (figure 3.5), which plot the variation of critical

Reynolds number with turbulence intensity on a flat plate.

3.7 Transition d f
The current thesis describes experiments on transition carried out on a flat plate, under
laminar boundary layer conditions with a zero pressure gradient. Although this
investigation concentrates on transition initiated from the transient motion of a flexible
rubber diaphragm, transition and vortex shedding experiments using fixed spherical cap
disturbances were also carried out. A review on the effects of fixed roughness elements

on transition is given in Chapter 1. A brief theoretical account is given below:

When considering a roughness element on a flat plate, Tani (1969) observed that
depending on the roughness shape, roughness location, the fluid viscosity and the fluid
velocity, there is a critical roughness element height, k..., below which there is no
effect on transition. As the roughness height £ is increased above ki, transition moves
upstream until at a second critical value, ki, transition occurs just aft of the roughness.
These two critical heights are of considerable practical importance: k..;; defines the
stage at which roughness begins to produce a noticeable effect on drag whilst ki is a

useful guide to the height of the trip required to bring transition to a specified location.

96



5 | rurtuient |
Ry=%&X
$ T2 5 -y
3 o[ transition o -
d I RN -Hall and Hisigp .
7
06
aw 004 arz

az a8 a3
T =7mxyf(ﬂ+7?m_/2/ Up

Figure 3.4: Influence of intensity of turbulence on critical Reynolds number on flat
plate at zero incidence, as measured by Schubauer and Skramstad (1947).
Reproduced from Schlichting (1979).
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Figure 3.5: Measurements of transition on a flat plate, after P.S Granville (1953).
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in terms of turbulence intensity. As turbulence increases the point of transition
moves closer to the point of instability. Reproduced from Schlichting (1979).
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It has long been known that for the flow past a bluff shape is steady motion there is a
critical Reynolds number above which the wake behind the body becomes unsteady and
vortices are generated at the body and move downstream in the form of a vortex street
(see Schiller, 1932). Schiller (1932) also proposed that there is a roughness critical
Reynolds number Rey .ir = (ux k/1), (Where uy is the velocity at the tip of the roughness, k
is the roughness height and y is the kinematic viscosity of the fluid), which would
determine k.1, such that for a Reynolds number less than the critical, no eddies were
shed by the roughness and hence there would be no downstream effect on the transition
position. For a more comprehensive theoretical description see Tani (1962) and Young

(1989).

1.8 Di ional Analysi

In the present experimental investigation the tests were divided into two parts:

@) the fixed disturbance tests, where vortices were shed from a fixed single
spherical cap roughness element; and

(i)  the transient disturbance tests, where a single vortex was formed in a controlled
manner, downstream a transient wall perturbation. The transient wall
perturbation was observed using high speed video camera equipment (described

in Chapter 4), to form a spherical cap shape when inflated.

In this section the various parameters, which are likely to affect transition in the current

experiments, are considered. The application of dimensional analysis (see Buckingham,

1914) is used to obtain dimensionless groupings of the variables.
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1.8.1 Fixed Disturl T
For the fixed disturbance tests, the parameters are as follows.
f vortex shedding frequency
S boundary layer displacement thickness
U viscosity of the fluid
Yol density of the fluid, where v=,/p
height of the perturbation
d perturbation base length
Uk the fluid velocity at the perturbation height, k. (NOTE: This parameter
was chosen for the fixed tests instead of the free stream velocity U,

so that a comparison with previous studies could be made).

The non-dimensional relationships obtained from the above variables can be written in

the form

f(ﬁ,u"_é‘l,u_kk. .I_C_j:() (3.27)

b
u, v v d

u,9,

Where Zk— is the Strouhal number, S and

uk
and—— are known as the displacement
u, 1%

thickness Reynolds number and the roughness height Reynolds number respectively.

3.8.2 Transient disturl
The parameters that affect transition for the transient disturbance tests are as follows:
U,  velocity at the edge of the boundary layer
Ol boundary layer displacement thickness
U viscosity of the fluid

Yol density of the fluid, where v=/p
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k height of the perturbation
d perturbation base length

T perturbation period

The non-dimensional relationships obtained from the above variables can be written in

b b

the form:
f( o, v

TU, U6, ka,_k_}: 0 3.28)

Ty, . : :
In equation 3.28, is the normalised period parameter, and is hereby referred to as

S,

T*. For graphical representation, and so that a comparison with previous studies can be

. . . U, :
made, the time in seconds, t, is normalized in a similar way > and is hereby referred
1

to as t*.

3.9 The present experiments
Although numerous researchers have studied the linear growth stages of infinitesimal
disturbances with a large amount of success (for a comprehensive review see for

example Tani, 1977), there are still areas of considerable speculation on non-linear

growth mechanisms.

The present work is an investigation into the evolution of a three-dimensional localized
disturbance in a laminar boundary layer, growing on a flat plate under a zero pressure
gradient and concentrates on the later, three-dimensional stages of this growth
mechanism. Morkovin (1969), pointed out that finite amplitude disturbances, if large
enough, might perturb the flow such that the traditional Tolmien-Schlichting route to
transition may be ‘bypassed’. The localized mounds, used in the current study, are large
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enough to directly bypass the linear stages and immediately form three-dimensional
perturbations. Amini & Lespinard (1982) carried similar work in which an artificially
created ‘incipient’ turbulent spot was induced my means of a strong jet of air through a
wall. However, their study was limited in mapping out the structure of the spot which
was estimated by measuring only one component of velocity. Similar work was also
carried out by Breuer (1988) who observed the evolution of both small and large
isolated disturbances, which were initiated by the up-down motion of a flexible
membrane. As already mentioned in Chapter 1, Breuer (1988) when considering
localized disturbances in general concluded that any three-dimensional disturbance can
be described as consisting of two distinct portions; a wave part and a transient part. He
showed that whereas the wave part, which is governed by linear stability theory and
needs a lengthy amount of time to reach finite amplitude and hence trigger non-linear
effects such as hairpin vortex formation, the transient part of the disturbance which is
directly caused by the initial disturbance, develops into an inclined shear layer which
can intensify very rapidly. This transient portion, which travels at approximately the
local mean velocity, grows much more rapidly than the wave portion, which grows or

decays according to Tolmien-Schlichting linear wave theory.

The present, transient disturbance, experiments focus on the evolution of ‘large’
disturbances, directly caused by the up-down motion of a mound perturbation and its
ultimate breakdown to turbulence. The physical causes of transition originating from
these types of disturbances are observed and are directly linked to the formation of

hairpin vortices.
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CHAPTER 4

EXPERIMENTAL APPARATUS

4.1 The Flow Channel

The experimental programme was carried out in a free-surface water channel, 0.495m
wide and 6.2m long (figures 4.1 & 4.2), as used by Stuart (1984) and Grass et al.
(1991) Water is re-circulated through the channel via a specially designed constant
head tank providing essential sensitive flow control. This test facility has been
previously used for turbulent boundary layer research. In order to properly study the
formation and evolution of the vortical structures, which precede turbulent spot
development, a disturbance-free, laminar flow environment was a requisite. An initial
objective of the study, therefore, was to produce laminar Blasius boundary layer flow in
the free-surface water channel. The boundary layer was to be formed along the
horizontal upper surface of a smooth glass plate, 3m long, supported in the channel

flow, under zero pressure gradient conditions.

The proposed tests required extremely low disturbance levels in the approach flow, a
factor, which was not a pre-requisite in earlier turbulence investigations carried out
in the channel. In order to achieve the essential low turbulence levels, it was
necessary to carry out a complete re-design and construction of the flow inlet system
to the channel and the channel working section. The flow-channel renovation

procedure is described in the following section:
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4.1.1 The renovation of the flow channel

Renovating the channel proved to be a difficult experimental challenge in its own
right and demanded a great deal of time and effort until the required experimental
conditions were achieved. The original plastic inlet fairing was removed and its
symmetry was carefully checked and restored to close tolerances. Four fine-mesh
damping screens and a glass sphere baffle were installed upstream of the inlet fairing
producing major reductions in the inlet turbulent levels. Flow to the working section
passed through these screens and a high ratio contraction section following standard
wind tunnel design practice. The flow depth above the plate was kept approximately
constant at 60mm by a control weir at the channel outlet. For a diagram of the
refurbished channel, see figure 4.2. Favourable pressure gradients generated by the
growth in thickness of the laminar boundary layer forming on the glass plate surface
and side walls were compensated by introducing two internal side walls made from
thin flexible Perspex sheet (figure 4.3). The local width between these flexible walls
was appropriately adjusted to produce zero pressure gradient conditions by
manipulating the local free stream velocity. The flexible wall geometry could also be
adjusted, to deliberately introduce either favourable or adverse pressure gradients in

the direction of flow.

Fine adjustment of the free stream velocity of the outer core flow was achieved using
an undershoot weir located at the end of the 3m glass plate in order to maintain stable
flow conditions. Also, careful adjustment of the bypass flow outside the flexible plate
side walls helped to counter spiral flow disturbances emanating from spiral corner

flows generated in the corner regions of the contraction fairing of the inlet tank (these
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Figure 4.2: The water channel after reconstruction.
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Figure 4.3: Schematic of the flexible Perspex walls, used to produce zero pressure gradient conditions for the laminar Blasius boundary layer
developed on and growing with distance along the flat glass plate.
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flow disturbances were conjectured to be caused by the high inlet contraction ratio and

short lengths and abrupt nature of the contraction zone).

This arrangement allowed maintenance of laminar flow along the full 3m length of the
glass bed plate with a Reynolds number at x=3000mm of Re, = U,x /v =5 x 10°.
Values of 3.5 x 10° to 1 x 10° have been quoted by previous researchers (see Burgers,

1924, for instance), for approximate turbulence intensity values of T = ‘/u% =0.5%

of the free stream velocity (see figures 3.4 and 3.5).

Hydrogen bubble visualization tests were also carried out to check the approach flow
two-dimensionality and uniformity. These tests indicated that there were small-
undesired perturbations (less than 5% of the local mean velocity when measured at
y/6,=0.94) in the required undisturbed approach flow. The magnitude of these
imperfections were generally negligible in the free stream. This minor-spanwise non-
uniformity was attributed to (i) small approach flow velocity variations near the flat
plate leading edge (a phenomenon probably generated by imperfections in our inlet
fairing design and construction and/or imperfections to the elliptical shaped leading
edge fitted to the glass bed plate), and (ii) sediment or seeding which randomly blocked
parts of the fine mesh screen system during channel operation. This resulted in variable
regions of high and low speed fluid being convected toward the test section. When the
channel was drained and the mesh screen system cleaned, the performance of the
channel improved dramatically. This mesh blockage problem, was solved by cleaning

the channel and the meshes on a regular basis with a high-power jet spray.
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These imperfections vary very little spatially and with time as they proceed
downstream and proved an inconvenience when trying to calculate the maximum spot
width due to the uncertainty that arose when attempting to ascertain whether a velocity
variation was due to the controlled perturbation or the minor variations in the approach

flow.

Laser Doppler anemometry measurements at different streamwise positions along the
plate, convincingly demonstrated that the boundary layer velocity distribution showed
excellent agreement when compared to the theoretical Blasius profile for zero pressure
gradient conditions (figure 4.4). The Reynolds number can be varied by replacing the
orifice plate in the constant head tank, with a plate with different diameter to produce a

different free stream velocity.

4.2 The Perturbation Generator

The spots were triggered into the Blasius boundary layer by the transitory inflation of
the circular diaphragm, mounted flush with the top surface of the glass plate. The
diaphragm deforms to form a low profile spherical cap shaped dome. Finding a feasible
method for initiating a localised 3-dimensional perturbation at a predetermined
frequency and amplitude proved to be difficult, particularly to satisfy the condition of
close reproducibility required. The design and construction of the Perturbation
Generator, (henceforth, the words Perturbation Generator will be occasionally referred
to as P.G. to facilitate writing), was a crucial novel and integral part of this project and

a large amount of time and effort was spent until the final design scheme was achieved.
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The Perturbation Generator comprises two main elements, namely the perturbation
diaphragm and housing - (the flexible part of which, is directly responsible for
triggering the spot) and the driving actuator diaphragm, essentially a diaphragm air
pump which is electronically controlled and displaces the air which in turn inflates the
perturbation diaphragm. Finding a suitable elastic material for the perturbation mound
proved a difficult task, since very specific hygroscopic and elastic properties were
required to prevent permanent diaphragm deformation. Latex rubber and Silicone
rubber sheeting (purchased from Dunlop), were tried but proved unsuitable after tests
were carried out showing permanent deformation due to their hygroscopic and inelastic
properties. A Dow Comning adhesive, brand name 'Silastic 744' was eventually found to
satisfactorily meet requirements. A specially developed method for applying this

material so that it is flush with the top of the glass plate is outlined below:

The P.G. housing consists of a number of cylindrical brass and U.P.V.C parts. Parts 2, 3
and 4 are initially assembled as illustrated in figure 4.5. A small amount of Silastic 744
is placed on the top edge of the assembly and is made flat by scraping across the top
surface of part 2 with the sharp straight edge of a Stanley knife blade. After the Silastic
has cured, the parts are disassembled. Part 3 will now consist of a flexible membrane
that will essentially act as the moving wall part. The parts are then assembled again,
with part 5, (consisting of a pepperpot like top) and part 6, the locating spigot, replacing
part 4 (see figures 4.6 & 4.7). The pepperpot was manufactured in such a way so that
when it was fully screwed into part 3, there was a 0.5Smm gap between the top of the
pepperpot and the bottom surface of the perturbation diaphragm to prevent adhesion.
(Preliminary tests showed that these two surfaces sometimes stuck together when

touching, causing the diaphragm to move in a non-sinusoidal manner when perturbed).
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Figure 4.6: The perturbation diaphragm fittings forming part of the overall Perturbation
Generator (P.G) assembly.
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This gap has the disadvantage of causing the diaphragm to sag when a head of water is
in the channel due to the pressure differences above and below the diaphragm. A
technique that solves this problem is discussed later in this section. These assembled
parts are then screwed to part 1. Figures 4.8 a, b show photographs of the perturbation
diaphragm, with and without the brass housing (part 1), which is permanently set into
the glass plate using an epoxy resin (Araldite). The glass plate is then carefully lowered
using a beam and pulley device, with the spigot locating the homing station (see figure
4.7). An 8mm-diameter pipe under the channel base leads directly to the perturbation

generator-driving device.

Two separate perturbation generators were manufactured during the research period.
These functioned by using vibrators (an electromechanical device, designed by Ling
Dynamic Systems Ltd, normally used for small scale vibration testing) to induce the
up-down diaphragm motion. The vibrators consisted of a magnet and a moving coil
assembly similar to that of a loudspeaker. When a current passes through the coil, it
causes the moving coil and hence the spigot/arm which is connected to it to vibrate with
an up down motion. For more details and specifications on the V100 and V201

vibrators, see Appendix A.

The first vibrator used was a Ling-Dynamic Systems, V100 vibrator (figure 4.9),
perturbed the flow by a simple, fast, up/down step type diaphragm motion. The
maximum amplitude of the V100 vibrator arm was +/- 1.5mm. An electronic control
unit, specially designed by Mr D W Vale to meet project requirements, al]owed‘
variance in the amplitude and period of the perturbation mound. For a more controlled

disturbance, it was considered necessary to re-design and develop the electronic part of

114



$# C+E,O

$# C+E O

" #

" #

,#

. $

%# 1

)

)$+

)$+



$# C+BO

) $

0)

%



the perturbation generator, to allow variability in the amplitude/time profile and hence
the velocity/acceleration profile of the up-down motion of the mound disturbance. An
upgraded system was therefore designed, using a Ling Dynamic Systems V201. The
V201 vibrator offered greater control and movement in the arm motion amplitude
(maximum amplitude: +/- 2.5mm, compared with an amplitude of +/- 1.5mm which
was offered by the V100). The boundary normal velocity of a transient disturbance
relative to relevant velocity scales in the local boundary layer is considered to be an
important parameter in spot formation (see Carlson & Lumley (1996), for example).
The second system was digitally controlled through a PC for complete flexibility and

convenience in parametric variation.

The manufacture of the perturbation generator-driving device, essentially a diaphragm
air pump, is now described (see figure 4.10a, b): A latex sheet was lightly stretched and
held in position over a circular ring part. Two stiff circular plates and the driving spigot
were connected as shown in figure 4.10a, sandwiching the latex rubber. A plastic
circular ring, with an internal diameter, which was the same size as the circular plates,
was temporarily used as a guide to concentre the plates and the connecting arm. This
assembly was then securely held together by a plastic driving diaphragm cover and
base (see figure 4.10b). The top part of the driving diaphragm (the cover) was then
connected via a brass tube to the perturbation diaphragm and the driving arm was
connected to the V100 or V201 vibrator (figures 4.11 & 4.12). All the joints were then

covered with silicone and allowed to cure to prevent any air leakage during operation.

The maximum amplitude of the flexible perturbation diaphragm was adjusted manually

using the following specially devised method. A number of very flat gauge blocks of
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Figure 4.10: The perturbation generator diaphragm.
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varying heights, ranging from 0.lmm to 4mm were machined to a very high degree of
accuracy (tolerance + 0.01 mm). These were then placed close to the perturbation
diaphragm. By viewing through a levelled travelling microscope, the microscope
crosshairs were adjusted to coincide with the top surface of the ground block (see figure
4.13). The maximum height of the perturbed bed plate diaphragm was then adjusted
using the vibrator amplitude control unit to coincide with the travelling microscope

crosshairs. This was accomplished using the method described below:

The perturbation diaphragm will sag under the pressure caused by the 60mm head of
water flowing in the channel. The pressure above the diaphragm, (p1), must be exactly
equal to the pressure below the diaphragm (p;), in order for the diaphragm to be
perfectly flat, when unperturbed (figure 4.14). The experimental setup used to equalize
the pressures pl and p2 is shown in figure 4.15. With the flow depth set constant at
60mm and the valve at position B open (figure 4.15), water was carefully added in the
manometer U-tube using a syringe until the diaphragm became perfectly flat, i.e. the
pressures were equalized. By shining a thin strip of light vertically down on the
diaphragm it was very easy to visually observe when the diaphragm became level with
the glass plate. The valve at position B was then closed and the diaphragm was
perturbed and adjusted for height using the amplitude control on the electronic
amplifier. The perturbation height was then checked using the microscope crosshair
technique described previously. Over a long period of time, minor variations could be
noticed in both the flatness and the amplitude of the perturbation. It was conjectured
that these small changes were caused by slight changes in room and water temperature
and it required the perturbation diaphragm to be checked regularly for amplitude and

flatness and adjusted accordingly.
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Figure 4.14: The perturbation diaphragm before and after pressure equalization.
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Figure 4.15: Schematic of the manometer setup used for pressure equalization.
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The first version of the perturbation generator (the V100) perturbed the boundary layer
by a simple up/down step motion, which was triggered by a 2V square wave pulse. The
diaphragm, when triggered using this rather crude impulsive method exhibited some
undesired characteristics due to self mass inertial forces generate by its high initial
acceleration. Using high speed camera equipment (see section 4.5.2, later in this chapter
for details) it was quite clear when the motion of the diaphragm was observed that the
diaphragm 'overshot' its expected height and oscillated during an overshoot transient
before coming to rest (see figure 4.16). This introduced a number of small, unwanted,
high frequency perturbations into the boundary layer making comparisons between
tests extremely difficult. Another, updated, more refined version of the perturbation
generator was therefore designed and constructed. For the second version of the
perturbation generator, it was decided that the height/time function of the diaphragm
should be sinusoidal (similar to the initial perturbation stages of linear theory and to the
boundary conditions used in the simulation study by Carlson & Lumley (1996),
providing a useful comparison). Another requirement was that the P.G produced a
purely positive diaphragm motion (a negative diaphragm motion, which would have
caused the diaphragm to deflate below the flat test plate, would have created a more
complex initial perturbation and was hence undesirable). To produce a purely positive
disturbance, the sine function (y=a+a*sin(wt- 7/2)), where a is the diaphragm
amplitude, (see figure 4.17a), was chosen as an appropriate shape parameter to drive
the vibrator driving spigot. The height/time function, the period and the amplitude were
triggered and controlled using a PC, an external trigger and an amplifier (figure 4.18).
The external trigger and the signal amplifier were also designed by Mr D. W. Vale to
meet project requirements. The movement of the perturbation diaphragm and the

movement of the driving spigot were then closely observed using high speed camera
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