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(ABSTRACT)

Turbulence research in the laboratory has confirmed the existence of quasi-coherent
structures amidst the chaos of a turbulent boundary layer. It has been observed that
a quasi-periodic phenomena called “bursting” accounts for a major contribution to
the turbulent Reynolds stress and the production of turbulent kinetic energy. Burst-
ing is the term used for a sequence of events, where a low-speed streak of fluid from
the near wall region lifts away from the wall, slowly at first, and then rapidly moves
away from the wall as it convects downstream where it becomes unstable and breaks
up violently upon interaction with the outer flow. This ejection of low speed fluid
into the mean flow is responsible for locally high values of turbulent kinetic energy.
Although a great deal is known about these structures in laboratory flows, little has
been done to investigate if such structures are universal in turbulent flows, i.e., their
existence in large Reynolds number flows such as the turbulent air flow over the ocean.
It would seem, intuitively, th'at such structures, if present in the marine atmospheric
boundary layer, would play a major role in the transfer of momentum, mass and heat
across the air-sea interface. It is speculated that these motions may also be associated
with large scale organized motions in wall bounded turbulent shear flows. The effort
aimed at elucidating the physics underlying such st;uctures would be invaluable in

contributing to our understanding of the air-sea flux mechanism.



In this dissertation, standard ejection dete’ction schemes like the quadrant, the
VITA and the modified u-level techniques have been applied to turbulent wind data
measured over the ocean to confirm the existence of burst like structures. The pro-
portions of contributions to the Reynolds stress from the four quadrants of the u'w’
plane are in close agreement with the corresponding contributions for a laboratory
flow. Ejection detection followed by the grouping of ejections into bursts yielded a
mean burst period of 47 s, at a height of 8.2 m above the water surface, where the
mean wind velocity was 6.74 m/s. This burst period corresponds well with the peaks
obtained from the autocorrelation of the streamwise velocity signal and the first mo-
ment of the stress spectrum, confirming the quasi-periodic nature of this phenomena.
Furthermore, phasé averages of these events show a structure which is similar to the
structure of events detected in laboratory flows. -

The ejection periods are seen to decrease with increasing wind speed. The burst
periods decrease at first with increasing wind speed and then appear to attain a con-
stant value after a wind speed of 6-7 m/s. This has been attributed to the breakdown
of the grouping algorithm at higher wind speeds. Ejection and burst frequencies
exhibit no discernible dependence on the surface wave field.

Ejection and sweep motions have been studied at various length scales. The
original velocity signal is bandpass filtered for various frequency bands. For each
band, the percentage con’Eributions to the Reynolds stress from the quadrants of the
uw'w’ plane are close to the corresponding quadrant contributions of the other bands.
This indicates similar turbulence structure at different scales. The velocity signals for
each band have been normalized by their root mean square (RMS) value. Visualizing

the signals on nondimensional time shows the signals from each band to be very



similar. These results can also be interpreted as evidence for the ejection and sweep
motions existing simultaneously at different scales, indicating the fractal nature of
these events.

Large scale motions, which appear to be associated with ejection and sweep mo-
tions, have been identified in the marine atmospheric surface layer using velocity
probe measurements at multiple heights. Visualizing these velocity signals suggests
that the organized features extend across the depth of the surface layer. Converting
the temporal signals to spatial fluctuations suggests that these structures are inclined
at an angle while convecting downstream. The inclination angle near the surface
(z < 18 m) is approximately 15° and it increases with increasing heighf to about 45°
when z = 45m. The spatial velocity fluctuations also indicate that these organized

features may be large transverse vortical arches..
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Streamwise instantaneous velocity.

Cross flow component of instantaneous velocity
Normal component of instantaneous velocity
Streamwise fluctuating velocity.

Cross flow component of fluctuating velocity
Normal component of fluctuating velocity

Long time rms of v’ & w'.

Quadrant technique threshold.

VITA threshold.

Modified u-level threshold.

A fluctuating quantity.

Averaging time in VITA.

Variable interval time average of ¢(¢).

Time between ejections.

Mean duration of an ejection.

Maximum time between ejections from same streak.

Mean ejection Period.

vii



Mean Burst Period.

Boundary layer thickness.

Density.

Kinematic coefficient of viscosity for air.

Friction velocity (ﬁ), (—u'w’ in the atmospheric surface layer).
U/ Uy

Height above the surface

2u. V.

Reynolds number.

Reynolds number based on momentum thickness.
Conditional average of a fluctuating quantity q.
Frequency

u' autospectrum.

u'w’ cospectrum.

Nondimensional mean burst period using inner variables.
Nondimensional mean burst period using outer variables.
Phase velocity of dominant wave frequency
Monin-Obukhov length

Roughness length parameter

Stability parameter

Significant wave height

Modal wave frequency

Acceleration of gravity
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Chapter 1

INTRODUCTION

Turbulent boundary layers have been the subject of extensive study in the field of
fluid dynamics. The importance of turbulence in the transport of mass, momentum
and heat in most engineering and geophysical flows makes it worthwhile to better
understand the basic phenomena of turbulence.

One of the most remarkable advances in the field of fluid dynamics has been the

discovery of quasi-coherent structures in turbulence. Visual observations and numer-

ical simulations have shown that spatially-organized large-scale motions in turbulent
flows are apparently responsible for the maintenance (production/dissipation) of tur-
bulence. The study of such structures, if they are indeed responsible for the turbu-
lence generation, is of fundamental importance to the understanding of the dynamics
governing the phenomena of turbulent fluid flow.

Though a great deal of information has been gathered about these structures by
visual investigations and conditional sampling of velocity probe data, little is known
about their evolution, their dynamics and their interaction with surrounding flow.
Most of the characterization of these organized motions is from studies conducted in

1



CHAPTER 1. INTRODUCTION

the laboratories, and little has been done to establish whether these structures are
universal.

As these structures play a dominant role in the flux mechanism in a turbulent
boundary layer, it would seem, intuitively, that, their study at high Reynolds number
flow, such as the marine atmospheric boundary layer, would be an important step in
better understanding the transfer of momentum, moisture and heat across the air-sea

interface and also in characterizing the ocean surface properties.

1.1 Background

1.1.1 General

Turbulence in fluid flows has long been thought to be a random and chaotic phe-
nomena stemming from the observations of Osborne Reynolds that fully developed
turbulent flow is composed of a mean motion and a stochastic fluctuation. Although

these flows are governed by the Navier-Stokes equations, the analytical-intractability

of this non-linear system of equations forced researchers to settle for description and
prediction of certain features using experimental techniques. The small temporal and
spatial scales which influence the dynamics prevent the direct computation of the
Navier-Stokes equations for flows of practical interest. The present trend is to use
approximations of the governing equations, the so called Reynolds averaged Navier-
Stokes (RANS) equations for computational purposes. The averaging process intro-
duces additional terms (the apparent shear stress or the Reynolds stress) into the
equations which are unknown in the closed form and must be modeled. The models

for the Reynolds stress are semi-empirical relations, which are based on dimensional



CHAPTER 1. INTRODUCTION

analysis, with the coefficients being fixed by statistical regression of the available
experimental data.

The lack of insight into the physical process of turbulence hampered the improve-
ment of models as this could be brought about only by modeling the physics closer
to what it actually is. A considerable amount of effort has been spent during the
past three decades with the help of flow visualization techniques to understand the
kinematics and dynamics of turbulent flows. Flow visualization studies have revealed,
contrary to prior perception, the existence of organized flow structures in turbulent
flows. These structures have been seen to play a key role in the production of tur-
bulent Reynolds stress (TRS) and production/dissipation of turbulent kinetic energy
(TKE). The existence of these flow structures has been confirmed by direct numerical
simulation (DNS) at low Reynolds numbers. The limitations of present day comput-
ers prevent the simulation at higher Reynolds number. Though the existence of these
structures has been repeatedly confirmed in the laboratory there is little consensus
on their spatial and temporal scaling. Clearly there exists a need to establish if these

motions are universal.

1.1.2 Flow visualization studies

Insight into the dynamics of turbulent boundary layers was pioneered by re-
searchers at Stanford University in the sixties using the hydrogen bubble flow vi-
sualization technique. Kline et al. [1967] divided the flat plate boundary layer into a
number of regions. In the region 0 < 2+ < 10 they reported the presence of a regular
pattern of fluid motion distributed in the spanwise direction. These patterns consisted

of low speed fluid alternating with high speed fluid. The streaky patterns, which were

3



CHAPTER 1. INTRODUCTION

seen to be regular in space, were observed to be destroyed and re-established with a
random distribution in time. The low speed streaks were observed to develop a wavy
configuration and then suddenly lift away from the wall and move outward into a
region somewhat further away from the wall where they violently broke up by inter-
action with the outer flow. Kline et al. further suggested that this ejection process
is a primary mechanism for the production of turbulent kinetic energy. Corino &
Brodkey [1969] observed similar phenomena in the wall region of turbulent pipe flow.
Studying the turbulence production near the wall for a flat plate, Kim et al. [1971]
termed this sequence of events, from the formation of these streaks to their breakup,
bursting. They observed that in the region 0 < z* < 100 essentially all turbulence
was produced during the intermittent bursting periods. Corino & Brodkey found
that roughly 70% of the contribution to the Reynolds stress was from ejection related
events. Grass [1971] observed that these motions were found in flows over bound-
aries of various roughness. He conjectured that the ejection process could represent
a universal and dominant mode of momentum transport outside the immediate wall
region and possibly extending across the entire depth of the boundary layer.

These results encouraged further studies aimed at understanding the dynamics
of the ejection process and its relation with other possible large-scale motions in the
turbulent boundary layer. This led to the recognition of other coherent structures such
as the horseshoe shaped vortex [Head & Bandyopadyadhay, 1981] and internal shear
layers [Alfredsson & Johansson, 1984], which were thought to play an important role
in the turbulence generation mechanism. Although it was agreed that these motions
were the pumps transferring energy from the mean flow in the outer region into

chaotic motions, there was little consensus on their spatial and temporal relations.

4



CHAPTER 1. INTRODUCTION

Furthermore, the complexity of the flow along with conflicting interpretation of the
available data led to confusion and speculation about the role of the different coherent
structures in the dynamics governing turbulent boundary layers.

This scenario led Kline and co-workers to undertake a “community-wide” survey
in 1986 to extract the facts, established through reliable data, from the speculations
and extrapolations of available data. Based on this study and from animations of
direct numerical simulation of a low Reynolds number flat plate boundary layer flow
[Spalart, 1988], Kline & Robinson [1988] were able to classify eight categories of quasi-
coherent structures in a turbulent boundary layer. A detailed review by Robinson

[1991] depicts the widely accepted picture of these coherent structures.

1.1.3 Identifying bursts using velocity probe data

Although flow visualization has been effective in the laboratory at giving a general
description of the organized flow structures in the disorder of turbulent flow, it does

not have the capability to provide detailed information on the velocity characteristics

of a burst event. Also, it fails to discern events in higher Reynolds number flows.
This difficulty prompted studies to be conducted using probes with the intention of
measuring the velocity and pressure fields associated with burst events. These mea-
surements in conjunction with a reliable detection algorithm provided the capability
to detect events at higher Reynolds number and had the additional advantage of
educing the spatial structure of these motions.

Characterizing bursts from velocity probe data was first attempted by Kim et al.
[1971] using short time autocorrelation performed on the streamwise component of

the velocity signal. Kim et al. found that the first positive peak in the autocorrelation

5
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had a lag time which corresponded well with the value of the burst period obtained
from flow visualization. Strickland & Simpson [1975] found a correspondence between
the peaks of the first-moment of the long sampling time wall stress spectral density
and the short sampling time autocorrelation. These techniques are useful only in
estimating the mean burst period but are incapable of detecting individual events.

Before proceeding further, it is necessary to to make the distinction, as noted by
Offen & Kline [1975], between bursts and ejections. A burst (defined as the breakup
of a low speed streak) may contain one or more than one ejection of fluid. Multiple
ejections from the same burst appear in groups. Groups of ejections occur more often
than single ejection bursts with increasing distance from the wall. The detection
algorithms discussed below are, in many cases, detecting ejections rather than bursts.
These detected ejections may then be grouped into bursts as was done by Bogard &
Tiederman [1986], Luchik & Tiederman [1987] and others.

Several techniques for detecting individual events, bursts or ejections, in velocity
probe data have been developed using simultaneous velocity measurement and flow
visualization. The detection techniques are based on the fact that the event results
in a unique velocity signal pattern which can be recognized by a detector function.
Blackwelder & Kaplan [1976] used the Variable Interval Time Averaging (VITA)
technique on the streamwise velocity signal to look for large local variances associated
with ejections. Johansson & Alfredsson [1982] observed that large local variances
were associated with both accelerating and decelerating events and proposed that the
streamwise velocity should be accelerating with a large local variance to be classified
as an ejection event. Lu & Willmarth [1973] recorded an ejection event whenever the

streamwise velocity was below a certain preset threshold level. This technique known

6
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as the u-level technique gave multiple detections for a single ejection event and was
modified by Luchik & Tiederman [1987] such that the detector function was turned
on when the streamwise velocity was below a certain threshold level and turned off
when it was greater than 0.25 times the preset threshold. This technique called the
modified u-level technique gave detections which corresponded well with those of flow
visualization.

The quadrant technique, described by Wallace et al. [1972] and Lu & Willmarth
[1973], is based on the magnitude of the second quadrant (i.e., ' < 0 and w' > 0)
uw'w' product falling below a preset threshold level to detect an ejection. It was shown
to be the most reliable and effective detection algorithm in the study of Bogard &
Tiederman [1986]. They compared the ejections detected by the quadrant technique,
the VITA technique and the u-level technique, to those observed by flow visualization.
The recent technique of Zoran Zari¢ discussed by Falco & Gendrich [1988] is also an
effective way to detect burst events. This technique looks at levels of the product

u'dv’/dt (an indicator of the rate of change of the turbulent kinetic energy) which

was observed to be highly intermittent in nature.

1.1.4 Bursting at High Reynolds Number Flows

There has been very limited focus on detecting these events in flows of higher
Reynolds numbers. Gordon [1974], investigating the turbulent structure of the es-
tuarine tidal flow attributed periods of high momentum transport to bursting phe-
nomena on a geophysical scale. These flows have a Reynolds number typically on the
order of 107-10%. Heathershaw [1974] observed similar bursting phenomena in the

bottom turbulence of the Irish Sea and estimated that roughly 70% of the Reynolds
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stress contribution was from ejection events. Gordon [1975] estimated a burst period
of 70 seconds for the estuarine tidal flow and also conjectured that the dimensionless
burst period was independent of or a weak function of Rey. Jackson [1976] observed
the water surface macro turbulence phenomena (“boils”) on the surface of the lower
Wabash river (Illinois) and interpreted them as surface manifestation of bursts. The
scaled frequency of these “boils” was in good agreement with previous laboratory
results.

Organized motions have been observed in temperature traces at several heights in
the atmospheric surface layer by Phong-anant et al. [1980]. They associated a gradual
rise in temperature followed by a relatively sharp decrease (ramp-like feature) as the
signature of a large structure in the flow. They hypothesized that this structure
could resemble a three-dimensional horse-shoe vortex when observed in a coordinate
system moving with the average convective velocity of that structure. Chambers &
Antonia [1981] studied flow over the ocean surface and found a high probability that
both second and fourth quadrant surface stress events (ejections and sweeps) occurred
together with similar events for heat flux.

Narasimha & Kailas [1987] have analyzed the velocity probe data in a near-neutral
atmospheric boundary layer using the VITA technique to identify events of high
momentum flux. They estimate a mean period of 70 seconds. Narasimha & Kailas
[1990] using the same data, have examined the time between two successive events and
found the distribution to have two distinct peaks. They conjectured that such events
either occur in groups (i.e., in quick succession) or are single events independent of
others. Katul et al. [1994] studied the sensible heat flux above a desert surface.

They identified the flux bursts using the quadrant technique. They propose that the

8



CHAPTER 1. INTRODUCTION

mean burst period may be a function of atmospheric stability. Numerous studies
[e.g., Duncan & Shuepp, 1992; Paw U et al., 1992; Gao et al., 1992] have also been

directed towards identifying intermittent events over forest canopies.

1.2 Motivation for present study

Despite the intense research effort focused on the coherent structures and the con-
siderable success in quantifying bursts using the detection algorithms, much of the
dynamics governing these motions is still a mystery. Moreover, the scaling of these
events is still a matter to be resolved. The long-standing controversy concerning the
relative importance of the inner and outer layers of the turbulent boundary layer as
causal factors in the dynamics of turbulent motions has come to be known as the “in-
ner/outer controversy”. The outer-dominant view is that the inner layers are driven
by the fluctuations of the outer layers. The inner-dominant view is that most of the
turbulence production occurs in the inner layer and then diffuses outward. The outer-
dominant view suggests that the burst frequency would scale on the outer variables,
U, and ¢, whereas, the inner-dominant view suggests that the burst frequency would
scale on the inner variables, u, and v. However, recent findings [Robinson, 1991] sug-
gest that the scaling of burst events may also be a function of the Reynolds number.
In light of the scales involved in the atmospheric boundary layer, it is unlikely that
the molecular viscosity would play a role.

The present investigation aims at studying burst structures and the associated
large scale motions in the marine atmospheric surface layer. The major feature that
distinguishes the marine atmospheric surface layer from its continental counterpart
is the presence of ocean waves, which give it a wet and mobile lower boundary. The
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surface heat flux is not as important over water as over land [Garratt, 1992] and hence
the density effects are also less important. The marine atmospheric surface layer is
much nearer neutral stability, over large areas of the ocean, than the boundary layer
over land. This is an important feature in subjecting the geophysical boundary layer
to traditional laboratory analysis.

The lowest 1 km. or so of the marine atmosphere is turbulent and experiences
surface effects through vertical exchange of momentum, heat and moisture. While
the structure of this turbulence is similar to that in a laboratory flat plate boundary
layer [e.g., Takeuchi et al., 1977; Chambers & Antonia, 1981; Kawamura et al., 1981],
except for, perhaps in the few millimeters adjacent to the surface, the laboratory

* (inner scaling) appear to be

definitions of the extent of various regions based on z
inappropriate in the atmospheric boundary layer. For example, the log region in
an atmospheric boundary layer typically extends over 100 meters above the surface
(z+ > 10°) [e.g., Panofsky & Dutton, 1984]. In a typical laboratory flow however, the
log region extends only to 2% & 500 [e.g., Kline et al., 1967]. Thus, at a few meters
above the surface in the atmospheric surface layer, while at a huge height in terms of
z* (order of 10%), one is still quite low in terms of the boundary layer profile.

As the governing physics for both laboratory flows and environmental flows is the
same, intuitively, it would seem that the turbulent flow structure would be similar in
nature. Characterization of burst structures in the marine atmospheric surface layer,
will not only help establish the universal nature of these events, but may also help
resolve the so called “inner-outer” controversy associated with the scaling of these

events. Identifying large structures, which embody the ejection and sweep motions,

in the atmospheric surface layer will be useful as a testbed for comparison with
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numerical simulations and consequently in refining turbulence models. Furthermore,
the study of such structures, in the marine atmospheric boundary layer, is in itself of
great importance to understanding air-sea momentum transfer, pollutant mixing and
dispersion, and the transfer of heat and moisture across the air-water interface.

Chapter 2 gives a brief overview of the quasi-coherent structures in a turbulent
boundary layer, as described by Kline & Robinson [1989]. Chapter 3 gives a descrip-
tion of the experiments involved in gathering the turbulent wind data which have
been used in the present study to study the burst structures. Chapter 4 gives an out-
line of the different detection algorithms used to detect ejection events in turbulent
velocity probe data. Chapter 5 describes the characteristics of the burst events which
have been identified during the course of the present study. The detection techniques
described in chapter 4 have been applied to the turbulent wind data. Detection of
ejections followed by their grouping into bursts indicates a highly intermittent phe-
nomena which has a dominant contribution to the Reynolds stress. Quasi-periodicity
in the velocity signal determined using autocorrelations and spectral analysis give the
dominant frequency content close to the observed frequency of the bursts. Spatial
velocity characteristics of these burst structures have been educed by phase averages
of conditionally sampled velocity data. Scaling of these events using the inner and
outer variables has also been examined.

Chapter 6 describes the effect of wind speed and surface wave conditions on the
burst periods. This study finds that the ejection period decreases with increasing wind
speed. Surface wave conditions seem to have no affect on the ejection period. Chapter
7 examines the structure of turbulence over the ocean at different scales. Ejection

and sweep motions seem to coexist at different scales, suggesting a fractal nature
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of these events. Chapter 8 describes an attempt at identifying and characterizing
large scale motions which are associated with bursting phenomena. Spatial structure
has been studied by transforming temporal measurements using Taylor’s hypothesis.
Results indicate that ejections and sweeps may be a consequence of large vortical arch
like structures. Finally, the dissertation is closed with some concluding remarks and

suggestions for future work.
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Chapter 2

QUASI-COHERENT STRUCTURES

The studies of turbulent shear flows have revealed the existence of organized mo-
tions or eddies in the flow. These motions have been repeatedly confirmed to exist
using flow visualization techniques and also in animations of a direct numerical simu-
lation of a canonical flat plate boundary layer. Studies over the years have led to the
belief that these quasi-coherent structures play an important role in the turbulence
generation mechanism.

Although the significance of these structures in the transport of turbulent phe-
nomena, is widely accepted, there is little consensus on their spatial and temporal
structure. Furthermore, the different types of these orderly structures which exist
within the disorder was also a subject of debate. The state of knowledge led to a lot
of speculation about the types of motion and their importance in the dynamics. Kline
and co-workers undertook a “community-wide” survey in 1986 to extract the facts
from the studies conducted around the world. One of the major goals of the study
was to categorize the different coherent structures in the turbulent boundary layer

and to identify their role in the turbulence generation mechanism. The following sec-
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tion briefly describes the motions observed in a flat plate boundary layer as described
by Kline & Robinson [1988]. The illustrations are the hypothetical models, for these
structures in a flat plate boundary layer with zero pressure gradient, proposed by

Robinson [1990].

2.1 Eight Categories of Quasi-Coherent Structures in the Turbulent Boun-

dary Layer.

1. Low-speed streaks in the near wall region (27 < 10): Low speed streaks

are regions of slow moving fluid relative to the surrounding fluid. It is estimated
that the streaks have a speed typically about one-half the local mean speed. The
streaks are speculated to be traces left behind by vortex elements. The mean
spanwise width of these streaks has been estimated to be nearly 100 wall units
and has been found to be constant for flows over a wide range of Rey. The streaks

eventually move away from the wall and break up as they move downstream.

2. Ejections: When the low speed streaks migrate slowly away from the wall as
they move downstream, at a certain stage they rise rapidly away from the wall
in a ejection like motion often called “lifting”. The lifted streak then under-
goes a rapid wave-like motion and eventually breaks down which leads to the
appearance of finer scales of motion indicating locally high values of turbulent
production. The entire process of streak formation through break down has been
termed “bursting”. The ejections manifest themselves as a negative fluctuation
from the mean in the streamwise velocity (u' < 0) and a positive fluctuation

from the mean in the velocity component normal to the wall (w' > 0).
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