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Abstract

Recent numerical studies have shown that the interaction beten vortices and rigid
boundaries play a signi cant role in the general dynamics of avb-dimensional °ow.

This study presents a series of laboratory experiments in whidhe e®ects of the
interactions that occur between vortices and rigid boundaes in freely decaying Q2D
turbulence in a rectangular container are explored. The tinulent °ows used in this

study are generated through electromagnetic forcing whera®krent con gurations
of permanent magnets are used to specify the initial charactstics of the °ow. The

global characteristics of the °ow, in particular the angular mmentum, are then ob-
tained through the method of Particle Imaging Velocimetry.The experimental results
con rm that interactions between vortex dipoles/jets and rigd boundaries cause vari-
ations in the net angular momentum. This variation of the netangular momentum is
then found to have a speci ¢ angular dependance with regard tbé angle of collision
between the vortex dipoles/jets and the rigid boundaries. Fally, an analysis of the
external forces and torques on the system leads to the predanti that the pattern of

the °ow should be a rotating quadrupole during the intermediag¢ stage of the °ow

evolution. This result is then con rmed experimentally.



Acknowledgements

| would like to express sincere gratitude to my supervisor Dr. YaAfanassiev for his

unlimited guidance, support and encouragement throughouhts project.



List of Figures

2.1 Numerical simulation of decaying two-dimensional turbutece. The
vorticity plots show the gradual increase in size and decrease twtal

number of vortices.[6] . . . . . . . . ...

2.2 Basic vortex structures: (a) vortex monopole, (b) vortex ghole, (c)
symmetrical vortex quadrupole, (d) vortex quadrupole with oinciding

centers of positive vorticity (vortex tripole) [12] . . . ... .. .. ..

2.3 Sequence of photographs that depicts the symmetric csitin of two

dipoles of equal momentum. [12] . .. ... ... ... ... .....

2.4 Sequence of photographs that depicts the interaction nfo strong jets
of di®erent momenta. In this case the momentum of the rst (lower)

jet is three times as great as the second (upper) jet. [12]

2.5 Sequence of photographs that depicts the interaction nfo strong jets
of di®erent momenta. In this case the momentum of the rst (lower)

jetis 1.3 times as great as the second (upper) jet. [12]. . . . .... .

2.6 Sequence of photographs that depicts the subsequent mergé two

dipoles when one moves behind the other. [12] . . . . .. ... .. ..

2.7 Sequence of photographs that depicts the subsequent irtetion when

two dipoles move in parallel. [12] . . . ... ... ... ... . ....

Vi

13

17

17



2.8

2.9

Sequence of photographs that depicts the subsequent irtetion oc-

curring when two dipoles of equal momenta collide at some aergl[12] 20

Sequence of photographs that depicts the non-axial ingetion of two

dipoles. [12] . . . . . . . . 20

2.10 Sequence of photographs that depicts the interactioretiveen a dipole

andawall. [12] . . . . . .. . 22

2.11 Sequence of photographs that depict the evolution of ampulsive

3.1

4.1

4.2

strong jet moving alongawall. [12] . . .. ... .. ... ....... 23

Schematic representation of the experimental setup. (1)gital video
camera (2) Argon Laser (3) graphite electrodes (4) inner tanksj outer

tank (6) magnetarray. . . .. .. .. .. ... 27

Angular momentum of the system as a function of time for the peri-

ment with zero net angular forcing exerted by the array of maggts of
alternating polarity (diamonds) and for the experiment with nonzero
angular impulse exerted on the °uid by the array of magnets wher

two rows of 5 magnets provide two jets in opposite directionifcles). 31

Vorticity (color) and velocity (arrows) elds, measured forthe °ow
with nonzero initial angular impulse at (a) t=11s, (b) t =18 s and
(c) t = 22 s. The color bar shows the vorticity scale irs' 1. The arrow
in the bottom left hand corner of the frame represents the vebity
scale, 1 cm/s. The distance is in pixels, 1 cm = 36.4 pix. The veladgi

“eld is measured using Particle Imaging Velocimetry. . . . . .. .. 33

Vii



4.3

4.4

Peak values of angular momentum at the intermediate statef the
°ow for the series of experiments where the angle of the forcing
the horizontal plane was varied. Solid lines represent Eq..(9. Dark
circles represent original data while the light circles repisent a "mirror
image" of the same data with respect to the center of each wall ... 35
Sequence of photographs showing the evolution of the °owr fthe
experiment where the jet was generated at the center of therttainer
at the angle 138 in the horizontal plane. Visualization is by dye.(a)

t=6s,(b)t=40s ... .. ... . ... 36

viii



Chapter 1

Introduction

1.1 Two-Dimensional Turbulence in Nature

Two-dimensional turbulence is a eld that has recently recead intense study due
to both its application as a model for many types of geophysicand astrophysical
turbulence and because it also provides a computationally assible example of °uid
turbulence. Two-dimensional motions occur when some physicalechanism sup-
presses the motions of the °uid in one direction so that the °ow bekas as if planar.
Many factors can lead to a planar °ow. Rotation of the °uid, a magetic eld, and

density di®erences all lead to situations in which the resultintpws are restricted in
one direction. The earth's atmosphere and oceans constitute@ating homogeneous
°uid. As such, they experience the e®ect of the Coriolis force asdbsequently exhibit
a uniform °ow in the direction of the axis of rotation. Di®erenes in salinity often
arise in the ocean and temperature di®erences are common inhotte atmosphere
and oceans. Consequently, situations often arise where in thesabce of mixing a
density di®erence, or density strati cation, is present betweemb regions of °uid and
a geophysical °ow can behave as if it is almost, or quasi, two-dims&onal. Despite

the e®ects of both rotation and density strati cation on the atmephere and oceans,
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vertical motions still occur. The large length scale of these °dibodies however,
creates a situation in which one can consider large-scale moisoto be occurring in
a relatively thin layer of °uid and the vertical motions can beneglected. One such
motion that occurs quite frequently in nature is the presencef large-scale vortex
motions in the atmosphere and oceans. These vortex structured atise due to a
local forcing on the °uid and are distinguished from the backgumd °uid by their
physical properties. Vortex monopoles, like those that occur ven water is drained
from a kitchen sink, possess a net angular momentum but most oftele cot remain
isolated in a quasi-two-dimensional turbulent °ow. Isolated vdices of opposite sign
tend to combine and form a vortex dipole. A vortex dipole consis of a strong jet
of °uid with a system of two vortices of opposite rotational sense ats front. The
dipole experiences translational motion and as such it is cleaterized by a net linear
momentum. Vortex quadrupoles and other more complex °ows cahen form due to
the collision of two of these dipoles. The vortex structures thabccur in nature tend
to be long-lived and can travel great distances before theysdipate. As such they
greatly a®ect our weather and climate as they aid in the transpioof dust, heat, salt
and chemical substances [1]. Another consequence of the lontyevi these structures
is that situations often arise in which these vortices interactvith one another. Since
the density di®erences and large lateral length-scales of thésatures allow them to
be considered quasi-two-dimensional, the interactions of a mber of these vortices
can be considered a case of quasi-two-dimensional turbulencéeTpurely theoretical
case of strictly two-dimensional turbulence can then be used taqvide a simpli ed
model for the quasi-two-dimensional °ows that are produced irhe lab and the even

more complicated motions that occur when these vortices it in nature.
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1.2 Purpose and Scope

Recent numerical studies [1, 2] have shown that the interactidbetween vortices and
rigid boundaries plays a signi cant role in the general dynaros of a two-dimensional
°ow. The e®ects of boundaries on the evolution of these °ows haveen observed
to occur naturally in closed or semi-enclosed elongated basimswhich wind-driven
circulations lead to the formation of regular arrays of voites. Patterns similar to
those that emerge due to the self-organization of two-dimens@a turbulence in a
rectangular container have been observed in such places as thdriatic Sea, the
Tyrrhenian Sea and the Gulf of California. The °ow patterns phy an important role
in the dynamics of these regions because they may lead to excigmainsport and
mixing of passive substances such as salt or nutrients [1]. Consetlye the study of
the e®ect of rigid boundaries on the °ow evolution of two-dimesional turbulence is
quite useful. Of particular interest to this study is the repored spontaneous spin-up,
or increase in angular momentum, of the °ow due to the normal anshear stresses
that are exerted on the °uid by the rigid boundaries. In this thais, the results
of laboratory experiments concerning variations of the neangular momentum that
arise in quasi-two-dimensional turbulence are considered. T&eevariations are shown
to be a result of the emergence of vortex dipoles in the °ow and eéhsubsequent
interaction of these dipoles with the walls of the tank. Findy, the extent to which
the dipole-wall interactions in°uence the global charactéstics of the turbulent °ow,
in particular the net angular momentum, will be examined. Tle main purpose of this
study is therefore to demonstrate the spontaneous spin-up in latatory experiments
as a means of analyzing the process of self-organization ane ttiipole dynamics
involved. The thesis is organized as follows: To make clear thasic properties of

guasi-two-dimensional turbulence and the principles of vagk interactions, Chapter 2
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contains a theoretical introduction to these topics. ChapteB consists of an overview
of the experimental setup and procedure used in this study whifghapter 4 presents
the experimental results obtained from these methods as wel a discussion of their
meaning. Chapter 5 then presents a summary of the conclusionsrgal through this

study as well as suggestions for further study in this area.



Chapter 2

Theory

2.1 Inverse Energy Cascade

The process by which initially turbulent two-dimensional °owsorganize into coherent
vortex structures is called the inverse energy cascade [3, 4Qahis this property of
the °ow that sets it apart from the dissipative decay found in all hree-dimensional
turbulent “ows. When a group of vortices interact the process o¥ortex merging
occurs where neighboring vortices of like rotational sense rge to form a single
larger vortex. When this merger occurs, the energy that was eained in the smaller
initial vortices is transferred to the larger length scale offtte resultant vortex. Initially
a two-dimensionally turbulent °ow will consist of many small vorices. Over time,
these vortices merge with their nearest neighbor of like rot&n leaving a resulting
vortex. This vortex will in turn merge with its nearest neightor of like rotation, a
process that will continue self-similarly until only a few vorices remain (see gure
2.1). In the context of decaying two-dimensional turbulencéhe term self-similar
refers to a process in which the distributions of quantities @wacterizing the °ow,
such as the ratio of the size of the vortices to the number of vaces, remains the

same at di®erent times [5]. In this way, energy that was injeaeinto the initially
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Figure 2.1: Numerical simulation of decaying two-dimension&lrbulence. The vortic-

ity plots show the gradual increase in size and decrease in totalmber of vortices.[6]
turbulent system will “ow from the small to the large length scale®ver the course
of the consecutive merger of the vortices. The move of the engritom small to

large length scales is what is known as the inverse energy cagcadhis process is
in direct contrast with the decrease in size scales, or energy casealeading to the
chaotic °ows that are found in three-dimensional turbulenceUpon the addition of

a weak viscosity to the two-dimensional “ow most of the energy widitill cascade up
and become concentrated in the larger scales which impliesatithese °ows are only
weakly dissipative. This is also in direct contrast to the dissipate e®ects felt by

three-dimensional turbulent °ows.

2.2 Scaling Laws

As the two-dimensional turbulence decays, the behavior of itsedhing characteristics
can be modelled by scaling laws. Batchelor [7] used dimensionahlysis to determine
that when the energy per areak, is assumed to be the only invariant, the density
of vortices will decrease at a rate of2» Ei!ti 2 where t is the time. Numerical
simulations of the same regime however, provide a decay rateaths much slower

than was predicted by Batchelor. To counter this discrepanc¢ythe theory was later
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modi ed by Carnevale et al [8]. It was proposed that in additiorto the energy, the
extremum vorticity of the core of the vortices,! «, IS also conserved and that the
vorticity of the °ow is concentrated entirely in the vortices. This theory allowed for
the determination of the general scaling laws for the charastistic features of the °ow,
namely density of vortices/» Li 2(1), the vortex radiusa » L ()7, the mean vortex
separationr » L(1)z, and the total enstrophyZ » Ti2(1)">", whereL = ! ‘ex}p E
and T = ! L1, The exponent» however, is still the subject of debate as it cannot be
determined exclusively from this theory. Further experimeial study by Carnevale
et al. [8] gave the exponent a value of = | 0:708 0:1 which agrees with various
numerical studies that have consistently determined the valuef » to be within the
range of 071 - » - 0:75. Using this value for» one can further predict the decay
rates for the other quantities to bevgt) » ti 070801 g(t) » 02180:06 (t) 5 {0:3850:06

and Z(t) » ti %35, These values have been found to agree with experimental data

[9, 10].

2.3 Bottom Friction

An important distinction must now be made between the terms strity and quasi-two-
dimensional turbulence. The most straightforward model of th&arge-scale turbulent
motions in geophysical °ows is that of strictly two-dimensionaturbulence - a process
that is governed by the two-dimensional Navier Stokes equatio While this theory
may be used as an aid in the study of many geophysical turbulent °@ystrictly two-
dimensional turbulence is purely an idealization due to theatt that natural °ows
only remain two-dimensional for a limited range of length andime scales before
becoming a®ected by other environmental factors. Quasi-twartensional turbulence

still approximates the °ow as being con ned to a horizontal layebut is expanded
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to include many of the environmental factors which cause theegphysical °ows to
deviate from their theoretical, small scale counterparts. Th@hysical e®ect that is
most apparent in small-scale laboratory study is bottom frictin. The presence of
bottom friction is believed [3, 11] to limit the size of the desloping coherent vortex
structures, preventing the inverse energy cascade from readits full potential. The

presence of bottom friction in this case creates a situation inhich the energy decays

exponentially [10] according to the expression

E = Eoe *®": (2.1)

Here Eq is used for normalization and® is the initial energy reading and® is the
time decay constant. The value of this constant corresponds tté relaxation of a

Poiseuille pro e

= 7 @2
where b is the total thickness of the °uid layer and® is the kinematic viscosity.
The decay constant used the experiments reported herein agsegell with the value
obtained through equation ( 2.2) for a layer thickness of 1 cmlo compensate for the
e®ects of bottom friction, a linear term, which includes theorticity, namely | ®!,
was added by Hansen [10] to the 2D Navier-Stokes equations. Inrtex of vorticity,

this gave the expression:

@ +J(A)="°r%; al (2.3)

To counter this extra term, Hansen applied the following transfrmation:

Fw;y; ) KX y;t)expi ®t: (2.4)



Chapter 2. Theory 9
In addition, time was rewritten as

oo Li € @,

® (2.5)

The 2D Navier-Stokes equation was nally written [10] as the edyvalent of a two-

dimensional °ow with a time dependent viscosity:
@+~+J(k B)=°°r 2~ (2.6)

Where©® = g®to,

2.4 Introduction To Vortex Dynamics

The vorticity of a °ow is representative of the amount of local sjp or rotation a
°uid parcel has about its center of mass or in other words, twicéne angular velocity
of rotation of the °uid element (! = 2-). This quantity is believed [10, 8] to be

conserved in two-dimensionally turbulent °ows and is most genaly written as
'=r£ u:(2.7)

In the two-dimensionally turbulent case, vertical motions hee been suppressed so
that u = (u;v; 0) represents the velocity vector at each spatial point and theorticity

vector points in the vertical direction, in this case! = (0, 0, ! ) where! = %Zi %;j

In the absence of forcing, the velocity and vorticity of the °owcan be used to

derive expressions for two other conserved quantities that pre@ useful in describing
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the behavior of two-dimensional turbulent °ows - namely, the ketic energy per area

Z 2

1~ u
E = L2 idx (2.8)
and the enstrophy per area
z
1
Z = [z I 2dx (2.9)

where the enstrophy can be considered a measure of the total voity of the °ow.

A convenient measure of turbulence in a °uid °ow is the Reynoldsumber. Rep-
resentative of the ratio of inertial forces to viscous forces, l@gh Reynolds number
is indicative of a highly turbulent °ow while a low Reynolds number corresponds to
laminar °ow. The turbulent interactions of vortices that ocar in two-dimensional

turbulence gives these °ows a high Reynolds number. For the ppose of comparison
with °ows studied by previous authors, two forms of the Reynoldsumber may be
introduced to characterize the °ow regime immediately afteforcing. The global and

local Reynolds numbers of the °ow may be de ned as follows:

Rey = — (2.10)

and
_ 2RU

(0]

Re

(2.11)

Where U is the rms velocity of the °ow, L is the length of the tank in centimeters,
° is the kinematic viscosity of the °uid, andR = 2% is the radius of a characteristic
vortex which is de ned via the rms vorticity ! . Typical values of the global and local
Reynolds numbers in the experiments reported herein are Ib8nd 140 respectively.

Since the viscosity of water is xed, it is negligible if the lentl scale and velocity of
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the vortices are large enough. This allows one to consider aohglimensional turbulent
°ow to be inviscid and it is this characteristic of the °ow that cawses the energy and
enstrophy to be conserved. The basic principle of the two-dimgional inverse energy
cascade states that throughout the course of the decay the kimeenergy will move

to larger scales (inverse energy cascade), while enstrophy gtmesmaller scales.

2.5 Flow Angular Momentum

In this study, the impact of rigid boundaries on the angular mmentum of decaying
guasi-two-dimensional turbulence is considered. A brief degmion of °ow angular
momentum is therefore required.

The angular momentum per unit volume of a °uid can be de ned as£ Y& where
u represents the velocity vector and/A is the momentum of the system. In this
de nition, x is a position vector from a chosen point that is usually taken to d&the
origin of the coordinate system. For a °uid body, it is assumed thathe angular
momentum per unit volume is a conserved quantity and it is know [12] that this
quantity arises due to the action of the torque X £ %) of external forces on the °uid.

For a planar °ow, the angular momentum vector is directed noria to the plane
of the °ow. The angular momentum per unit depth can then be de ne in terms of

the velocity vector as the integral over a surface S such that

Z
J()= (x£ u)dS (2.12)

or in terms of the vorticity distribution ! as

z

J(t) = % XE (x£1)dS: (2.13)
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2.6 \Vortex Structure Classi cation

The formation of vortex structures occurs when concentratics of vorticity tend to
assume an axisymmetric shape, with various sizes and strengths. $lecoherent
vorticity patches can then travel in a turbulent backgroundof small-scale vorticity
structures where they generally persist for long time period4,[13]. A basic vortex
structure is the monopole, the simplest of which possesses an axiamnayetry and
consists of a circular patch of vorticity of one sign. In natureyortex monopoles
are usually found to consist of a core patch of vorticity surrouretl by a ring with
vorticity of the opposite sign. A vortex dipole consists of two phes of vorticity
of opposite signs arranged with mirror symmetry along the axis garating the two
patches. A structure with two symmetry planes, called a vortex cadrupole, can
arise through the collision of two vortex dipoles. Another type fovortex structure,
called a tripole, can be formed though the asymmetric colligioof two dipoles or a
particular instability in a vortex monopole. The tripole corsists of two dipoles that
share a common central vortex. These structures are shown scheiwaty in gure
2.2. The basic physical properties that characterize these sttures allow them
to be distinguished from the surrounding °ows and these physical gperties dictate
which form of forcing is necessary to create them. Vortex monoles possess a net
angular momentum and as such a source of angular momentum is dee for their
creation. Vortex dipoles, on the other hand, are the simplest viex structure having
a net linear momentum which allows it to move through the °uid.A source of linear
momentum is therefore required to impart this momentum to tle °uid in order to
generate a dipole. In this study, the source of linear momentuis the interaction of a
magnetic eld with an electric current which causes a localigeforce in the direction

perpendicular to the electric current. More complex structtes, like quadrupoles,
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Figure 2.2: Basic vortex structures: (a) vortex monopole, (b) artex dipole, (c)
symmetrical vortex quadrupole, (d) vortex quadrupole with oinciding centers of
positive vorticity (vortex tripole) [12]
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require increasingly complex forcing for their generation.

2.7 \ortex Interactions

In the context of quasi-two-dimensional turbulent °ows, it is the vortex dipole that
plays the predominant role. Vortex monopoles do not retainhieir stability in a
decaying turbulent °ow and dipoles emerge when two isolated tex monopoles of
opposite vorticity come into contact. The dipole however maypersist for a time and
can be tracked by its net linear momentum. Interactions beteen dipoles can then lead
to more complex vortex structures, such as quadrupoles. The dipts ability to persist
and to interact in a decaying turbulent system has caused it to beonsidered the
‘elementary particle' [21] of quasi-two-dimensional turbnce. In fact, any forcing in
guasi-two-dimensional °uid systems is considered to result in theniversal formation
of vortex dipoles and their combinations. Due to the signi cantole played by dipole-
dipole and dipole-wall interactions in two-dimensional tubulence, it is instructive to

study these interactions in some detail.

2.7.1 Dipole-Dipole Interactions

To begin, we will consider the process by which two dipoles ofue momenta interact

through a head-on collision (‘gure 2.3). When two equal sourced momentum are
applied in opposite directions to a quasi-planar °uid body, twalipoles are formed
which travel towards each other at a distance?, away from each other. As the dipoles
approach each other, they develop independently for the tieninterval when2 > 2R,

where R is the typical radius of the dipole. When however2 » R, the process of
dipole interaction begins and the vortices that constitute hese primary dipoles will

combine to form a quadrupole. Two new dipoles of equal intefysithen emerge which
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travel perpendicular to the axis of collision.

Next, consider the interaction that arises when instead of two poles of equal
momenta we have two dipoles with di®erent momenta that undesga head-on colli-
sion. The momenta of these two dipoles can then be describedlly= nl,, wheren
gives the relative intensity of the momentum of the second dipmrelative to the rst.
This type of interaction can exhibit two types of behavior dpending on the relative
intensity of the momentum of the second dipole to the rst. Whem is suzciently
large, the secondary dipoles, which emerge from the point oflleoon, are no longer
of equal intensity and do not travel away perpendicular to thexis of collision ( gure
2.4). The new secondary dipoles travel instead in circular pag with the weaker
of the vortices being subjected to straining and an eventual day. Finally a new
dipole emerges which travels away in the same direction as tpamary dipole with
the stronger momentum. If howevern is suciently small, the momenta of the two
primary dipoles di®er only slightly and the interaction is alkéred (gure 2.5). The
circular paths described by the two secondary dipoles becomeich larger than the
radius of the dipoles themselves. The resultant straining eld isigni cantly reduced
and the weaker vortices do not decay. The two secondary dipsleontinue on their
circular paths and eventually meet near the original collisn point where the dipoles,
now consisting of vortices of di®erent intensity, perform a seatary collision. The
new dipoles that are formed exhibit di®ering momenta this tim corresponding to
that of the primary dipoles.

When forcing acts such that two dipoles are formed which trav@long the same
axis of propagation with one moving behind the other, a mengg will occur ( gure
2.6). Initially, the primary dipoles develop independentl. The second dipole pene-
trates the rst from the rear with the vortices of the rst being pushed aside in the

process. The outer vortices then orbit around the inner and mual induction of each
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Figure 2.3: Sequence of photographs that depicts the symmetrcollision of two
dipoles of equal momentum. [12]
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Figure 2.4: Sequence of photographs that depicts the intexréon of two strong jets of

di®erent momenta. In this case the momentum of the rst (lower) jes three times
as great as the second (upper) jet. [12]

/

Figure 2.5: Sequence of photographs that depicts the intatgon of two strong jets
of di®erent momenta. In this case the momentum of the rst (loweret is 1.3 times
as great as the second (upper) jet. [12]
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Figure 2.6: Sequence of photographs that depicts the subseqgumerger of two dipoles
when one moves behind the other. [12]

two like vortices generates a net dipolar °ow. The vortices nve in this dipolar “ow
and nally merge to form a solitary dipole.

When two dipoles of equal intensity move parallel to each othéhe nal resultis a
single dipole (‘gure 2.7). Initially, the two dipoles developndependently and do not
in°uence each other as long aR < %2. As time increases the dimensions of the two
dipoles increase and the inner vortices begin to push sidewagsoi their neighboring
vortices. The inner vortices begin to orbit around the outer ertices and mutual
induction creates a net dipolar °ow. Straining causes the degaf the two initially
inner vortices and the remaining outer vortices form a singldipole that continues to

travel in the same direction.

Consider the case where two dipoles of equal momenta collide sime angle
(gure 2.8). Initially the dipoles develop independently. @ce the dipoles begin
to interact, each of the primary vortices splits into two vorices. The outer vortices

form a strong dipole, which develops with the background dipar °ow, and continues
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Figure 2.7: Sequence of photographs that depicts the subsequmteraction when
two dipoles move in parallel. [12]

to move forward. The inner vortices form a weak dipole, whictevelops against the
background dipolar °ow, that moves in the opposite direction @the strong secondary
dipole and eventually decays.

Consider again the case of two dipoles moving towards each aththis time on
parallel paths with their axis being separated by sin® ( gure 2.9). Development
of the dipoles is again initially independent until the dipées come close enough to
interact. Once interaction begins the inner vortices of thelipoles merge to form a
vortex core. The outer vortices form a periphery with the oppsite sign vorticity as
that of the core. The resultant structure consists of two dipolesvith one common
vortex and can be considered a vortex tripole. In some rangestbese parameters,

the tripole remains intact. Otherwise it breaks up into two nd dipoles [12].

2.7.2 Dipole-Wall Interactions

One case of particular interest to this investigation is the symatric collision of a

dipole with a wall. Initially a source of momentum,l,, is at a distance? from a wall
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Figure 2.8: Sequence of photographs that depicts the subsenLiateraction occurring
when two dipoles of equal momenta collide at some angle. [12]
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Figure 2.9: Sequence of photographs that depicts the nonialinteraction of two
dipoles. [12]
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and travels towards it perpendicularly. As the turbulent claud collides with the wall
it splits into two parts, forming two dipoles that rebound from the wall and move
in circular paths. The newly formed dipoles consist of intense ses and weaker
satellites that eventually decay leaving two large vorticesf increasing radius. These
vortices gradually move away from each other along the wallgure 2.10).

Initially, vorticity is created at the wall due to the no-slip condition. This condition
refers to the continuity of the tangential component of veloity across a boundary, in
this case separating a °uid and a solid. When the source begins tot acpotential
dipolar °ow is induced. This causes an emergence of frictiorfakces in the boundary
layer at the wall which in turn leads to the formation of two vatex patches of opposite
sign. The patches then constitute a newly formed dipole that idirected away from
the wall and thus interacts with the primary dipole.

The subsequent interaction can then be considered in much the sarway as
the interaction of two dipoles of di®erent intensities. The diplar °ows from the
primary and newly formed dipoles can be considered to have menta I, and | ®
respectively, wherd ® < | (. Thus, the °ow in this case is governed by the parameters
| =1lgj I and M = 172, The formation of the secondary dipoles is then a result of
the virtual quadrupole that is generated by the vortices frm the split primary dipole
and the vortices that detach from the wall. The secondary diges then move in a net
background dipolar °ow of intensity | as they travel away from the wall in a curved
path. At this stage, the vortices in each dipole that origindy detached form the wall,
the weaker of the vortices, begins to orbit around the more iahse of the vortices,
those from the primary dipole, and eventually decay. The reduik the formation of a
single dipole with momentuml < | (. The nal stage of this process closely resembles
the symmetric collision of two dipoles and consequently the vizes move away form

each other along the wall. Therefore, the e®ect of the dipdenteraction with the
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Figure 2.10: Sequence of photographs that depicts the ingation between a dipole
and a wall. [12]

wall has the e®ect of forming a single dipole with vortices thahcrease in size and
move apart along the wall as well as an overall decrease in theomentum of the

system.

Finally, we consider a source of momenturh, that travels parallel to a wall at
a distance? from that wall (gure 2.11). Initially, the dipolar vortex pa tch travels
parallel to the wall causing the formation of a thin boundary ayer at the wall. As the
dipolar vortex patch moves along the wall, it sweeps the vouity from this boundary
layer causing an asymmetry of the vorticity distribution in the vortex patch. A
consecutive interaction then occurs between the vortex padtcand its mirror image
leading to an interaction similar to that of two dipoles movirg parallel to each other

and separated by a distance?2 Next, a dipole forms from the vortex patch that
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Figure 2.11: Sequence of photographs that depict the evaloh of an impulsive strong
jet moving along a wall. [12]

begins to move along the wall. The viscous boundary layer of éhwall causes the
vortex to move away from it at which point the outer vortex beomes stretched and
eventually decays. The nal result of this interaction is a sing vortex that slows

down as it moves forward [12].



Chapter 3

Experimental Setup and Procedure

Due to the relative ease with which a turbulent °ow can be two-ahensionalized, the
study of two-dimensional turbulence, as well as the coherenbsex structures that
subsequently arise from it, is one that lends itself quite frequdy to experimental
study. There are many ways in which a °ow can be made two dimens@&lnn a labo-
ratory setting, most of which stem from the same physical principk that create these
two-dimensional °ows in nature. The presence of background adton implemented
by a rotating platform can be used to model on a smaller scale thathich is felt
by the oceans and atmosphere from the earth's rotation [14, 1%6] while density
strati cation [12, 17] is another easily reproducible featuréound in the oceans and
atmosphere. One may also use such techniques as the employmemhafnetic elds
[18] and the geometry of the experimental apparatus [3] to iy this behavior. In
this study the geometry of the system was employed by using a thiayler of °uid to

create a quasi-planar °ow.

24
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3.1 Method of Analysis (Particle Imaging
Velocimetry)

To make a current visible some indicator (passive tracer) is need. In the ocean
a contrast in temperature is usually used for visualization wheas in the lab dye is
used to make the °ow visible. Particle Imaging Velocimetry (PI1V)is a procedure
that is used to reconstruct the velocity eld in a °ow [19]. In thisprocedure, the
displacements of small regions of the patterns of passive tra@e estimated between
sequential images using cross-correlations between small regalar sections from
each image. This technique is widely used in experimental °uidynamics. The
passive tracer usually used for PIV is small particles of neutraluoyancy that are
seeded into the °uid and then made visible in some way [20]. In thi&tudy small

(50um) plastic spheres of approximately the same density as wateere used. To
make these patrticles visible, the beam of light from a laser wasrspd into a sheet
allowing for the illumination of a horizontal plane at appraimately mid-height in

the °uid. A digital camera mounted some distance above the coriteer was used to
record to motion of the particles over the course of the expement. Particle Image
Velocimetry was then used to provide the instantaneous velagi eld from the particle

trajectories allowing for the numerical calculation of thentegral quantities of the “ow

such as energy, enstrophy and angular momentum.

3.2 Procedure and apparatus

The experiments described herein were performed in a rectaay tank, of dimensions
20x 27.5 cm, which was inset in a larger plexiglass tank 6464 cm in size. Each wall

of the inner tank consists of a plexiglass frame containing an ep area of 1.5« 18
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cm and 1.5x 25.5 cm for the short and long walls respectively. The frame opeags
for three of the sides were then lled by a sheet of Tter paper thaprevented the
°ow from exiting the experimental area but through which the arrent could pass
unobstructed. A piece of thin transparent plastic was attachedo the remaining
long side of the frame to provide an unobstructed path for thelumination of the
experimental area. Water with a salt concentration of 50 g/l w&s added to the tanks
until a height of 1 cm was achieved inside the inner tank. Ele@imagnetic forcing
was used to generate the two-dimensionally turbulent arrays dipoles used for these
experiments. The initial set of trials employed an array of 90 grmanent magnets
with a height of 0.5 cm, a diameter of 1.4 cm and an average magic eld per area
of 0.2Tcmi 2. The magnets were arranged with a vertical magnetization & in an
array of 9 x 10 magnets having a spacing of 1 cm and 2.5 cm for th@lwnns and
rows respectively. For the initial trials, the magnets were aanged such that the
nearest neighbors had opposite magnetic polarity allowing ¢htotal force exerted by
the magnets on the °uid to be zero. A sheet of thin plastic, dyed bplack ink, was
attached to the top of the array to eliminate bottom re°ectiors and to create a false
bottom for the inner tank. A current of 3 A was applied for 5 s between graphite
electrodes that were placed outside the inner tank. The eleodes were arranged
parallel to the walls of the inner tank such that the force exe¢ed by the magnets on
the °uid was created perpendicular to the longer wall of the tak. After the period
of initial forcing the subsequent °ow was allowed to decay frgel The decaying two-
dimensionally turbulent °ow was visualized through the use of sdig particles of
mean diameter 50m and a 1W Argon laser that was used to illuminate a horizontal
plane. A digital camera placed some distance above the tank wased to record a 70 s
video of the experiment in plan view. This experimental setujs shown schematically

in gure 3.1.
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@1

Figure 3.1: Schematic representation of the experimental sgt (1) digital video
camera (2) Argon Laser (3) graphite electrodes (4) inner tank5§ outer tank (6)
magnet array.



Chapter 3. Experimental Setup and Procedure 28

The digital video camera used in this study had an array resolwn of up to
1288x1032 pixels and a typical spatial resolution of images 8 pixels/cm. As the
video was being recorded, frames were stored directly intoroputer memory bu®ers.
Particle Image Velocimetry was then used to provide the instaaneous velocity eld
from the particle trajectories allowing for the numerical alculation of the average
angular momentum of the °ow for each video frame. These valuegre then used to
study the time evolution of the angular momentum of the system @r the course of the
decay. The processing was performed on workstations with doabAlpha processors.
Successive images with a frame rate of 10 fps were used to obtaire®city elds per
second with a spatial resolution of 0.3 cm.

In order to test the e®ect of an initial angular momentum on the % evolution
another series of trials were performed. The same 90 permanemignets were used,
with the same row and column spacing, but this time with a di®er¢magnet arrange-
ment. In these trials ve magnets on each side of the tank were di¢ same polarity
SO as to generate two jets in opposite directions. The electradeere again arranged
such that the forces were perpendicular to the longer walls tife tank. Following the
same procedure as in the initial trials, the 3A current was added for 5 seconds and
a 70 second video was recorded. Particle Imaging Velocimetmas then used once
again to determine the time evolution of the angular momentm of the system.

To test what e®ect the initial direction of forcing has on the neangular momen-
tum of the system a nal set of experiments were performed. The sameray of 90
permanent magnets was used with another magnet arrangemeiithis time the outer
72 magnets were arranged with alternating polarities whilthe eighteen central mag-
nets were arranged with similar polarities in two rows of ninenagnets. The sheet
of thin dyed black plastic was again attached to the top of the raay to eliminate

bottom re°ections and to create a false bottom for the inner takh A 3A current
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was added for 5 s between graphite electrodes placed outsithe inner tank. The
electrodes were arranged parallel to the walls of the inneartk such that the strong
jet that was produced directly above the eighteen central ngmets collided perpen-
dicular to the tank's long wall. The remaining 72 magnets ths served to enclose the
jet in a two-dimensionally turbulent background. While holdng the position of the
inner tank xed, the electrodes were shifted slightly towardshe corners of the tank.
The magnet array was then shifted as well such that the rows of gaets remained
parallel with the electrodes. Additional magnets, of the same pe, magnet spacing
and alternating polarity, were added to the sides of the magharray such that after
turning the array the number of magnet contained in the expémental area remained
xed. Upon a 5 s addition of current, another 70 s video was capted as the central
jet collided with the wall of the inner tank at an angle that was a few degrees greater
than that of the rst trial. Additional experiments were then performed, each time
with an increasing jet collision angle, such that multiple expgments with a range
of collision angles between®to 18(° were recorded. The magnitude of the peak in
angular momentum which occurred when the jets interacted i the walls was then
determined for each angle using PIV.

A nal experiment was then performed as a means of visualizinge °ow evolution.
In this experiment, a density strati ed °uid consisting of thin layer of °uid lying
on top of a thicker denser layer was used to suppress the motion ihet vertical
direction. The magnet array was the same as the previous expeent with the
eighteen central magnets being arranged in two rows of nineagnets of like polarity.
The electrodes were arranged such that when a current was aigpl to the °uid the
jet that formed directly above the eighteen central magnetwas generated at an angle
of approximately 133 in the horizontal plane. Food dye was used to visualize the

°ow in this experiment.
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Experimental Results and Analysis

4.1 Results and Discussion

Recent numerical studies [1] have illustrated that the °ow evation for a decaying

two-dimensionally turbulent °ow can be divided roughly into hree stages. The initial
turbulent stage consists of the formation of a regular array of sall coherent vortices
which then evolve to a second stage that is characterized by tipeesence of strong
boundary layers and the spontaneous spin-up of the °ow. In the itld stage, viscous
dissipation becomes the dominating °ow feature. This study wilkoncentrate mainly
on the °ow evolution throughout the rst and second stages. The rst sebf data

consisted of a series of ten identical trials with an alternatoparray of magnet polari-
ties with the forces exerted by the magnets being directed geendicular to the longer
wall of the tank. The magnet placement for these trials and threfore the distribution

of forces was such that angular impulse due to external forcivgas negligible. This
implies that any angular impulse must be due to the stresses at the@bndaries of the
°ow. The resultant time evolution of the angular momentum for hese trials showed

several very small oscillations (see gure 4.1).
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Figure 4.1: Angular momentum of the system as a function of timeff the experiment
with zero net angular forcing exerted by the array of magnetsf alternating polarity
(diamonds) and for the experiment with nonzero angular impsk exerted on the °uid
by the array of magnets where two rows of 5 magnets provide twets in opposite
directions (circles).

This behavior is in direct contrast to the results of numericaktudies [1, 2] in
which a sudden initial increase followed by a slow decay was ohsst as a re°ection
of the spontaneous spin-up of the °ow. Observed values of the afgyumomentum
for these trials were then directly compared to those resultsdad through numerical
studies by normalizing the observed results. In this case, the ua of the angular
momentum of the same system in solid body rotation and containinifpe same total
kinetic energy was used to give the normalized values of angumomentum [21]. The
normalized values for the angular momentum are presented inuge 4.1. The data
shows that the peak of the oscillations has a non-dimensionallva of 0.1 - a value
that is quite small when compared to the peak values observed mumerical studies.
As such, one can conclude that a consistent spin-up of the °ow was nobserved
in these trials and thus the observed oscillations in the angulanomentum of the

systems can be considered a result of interactions between thetiees and the walls.
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The next set of trials consisted of magnet arrays in which 5 magtseon each
side of the tank were of the same polarity. This magnet arrangemt produced a
force couple that initially generated two jets in opposite dections as opposed to the
“rst set of trials in which the magnets produced zero net forcingThe two jets were
directed perpendicular to the longer wall of the tank. This ragnet arrangement thus
produced a small initial angular momentum and as such was usediliastrate whether
this initial angular momentum can induce a self-organizatio of the °ow such that
the spin-up is further ampli ed by vortex-wall interactions. Over the course of these
trials larger oscillations were observed in the time evolutioof the angular momentum
(see gure 4.1). During the initial forcing period the angulaiTmomentum of the °ow
reached large negative values due to the external angular poise that corresponds
to an initial counter-clockwise rotation of the “ow. Immediatly after forcing, the
angular momentum shows a sharp increase towards positive valwesresponding to a
clockwise rotation of the °ow. This behavior can be explaineditough an examination
of the behavior of the two jets that appeared initially in the®ow (see gure 4.2).
When the jets rst collide with the walls they exhibit behaviorcomparable to that of a
single dipole colliding with a wall (section 2.7.2). Each jetallides perpendicular to a
wall and separates into two jets that then travel along the walin opposite directions.
These jets are both of equal strength so for this part of the °ow elidion the jets
contribute equally to the angular momentum e®ectively cantlimg each other. Thus,
the angular momentum for this time period approaches zero ees. Next, the jets
that °ow towards the shorter walls collide and again change tliedirection, this time
travelling further along the shorter walls (see gure 4.2). Thegets °owing along the
longer walls get de°ected towards the interior of the tank. 8ice the distance from
the center of the tank to the shorter walls is greater than thatfrom the center to

the longer walls, the °ows along the shorter walls contribute nre to the net angular



Figure 4.2: Vorticity (color) and velocity (arrows) elds, meaured for the °ow with nonzero initial angular impulse at
(@ t=11s, (b)t=18 s and (c) t = 22 s. The color bar shows the vortidty scale insi *. The arrow in the bottom left
hand corner of the frame represents the velocity scale, 1 cm/sh@& distance is in pixels, 1 cm = 36.4 pix. The velocity
“eld is measured using Particle Imaging Velocimetry.
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momentum than do the °ows along the long walls. This leads to a gitive balance
of net angular momentum. Therefore, these trials show that vations of the angular
momentum occur due to the interactions of dipoles with the Wi as opposed to the

reorganization of vortices toward global spinning around # center of the tank.

A "nal set of trials was then performed to determine what e®ect hinitial collision
angle between the dipoles and the wall had on the variationd angular momentum
of the system. A series of 25 trials was performed in which the dagn the horizontal
plane at which the magnets exert a force was varied. For theseals, the two rows
of magnets closest to the center of the tank on both sides were amnged with the
same polarity. The e®ect of this arrangement was to produce twairong jets in
the same direction. The angle at which these jets collided witthe wall was then
varied and the magnitude of the peak of the angular momenturhat occurred when
the jets interacted with the wall (the time period between 10 s of the evolution)
was recorded. These values were then plotted against the angle of the forcing in
the horizontal plane (see gure 4.3). In this case the angular meentum, J, was
normalized by the value of the angular momentum of the system the jets were
°owing along the longer wall of the tank [21]. The normalizabn value used was
IW/2 where | is the net linear momentum carried by the jets andw is the width of
the tank. For the same jets °owing along the shorter walls of theahk, the value of
the angular momentum will be higher by a factor of L/W. The anglar dependence

of the angular momentum can then be given by the relationship:

8
< L=W cosy; if 54° < p < 128 (shorter wall);

J = 4.1)
T osiny; if 126° < p < 234 (longer wall);

This relationship assumes that the component of the linear momgim of the

jet parallel to the wall with which it collides, multiplied by the distance from the
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Figure 4.3: Peak values of angular momentum at the intermeate state of the °ow
for the series of experiments where the angle of the forcingthre horizontal plane was
varied. Solid lines represent Eq. (4.1). Dark circles repraseoriginal data while the

light circles represent a "mirror image" of the same data with e@spect to the center
of each wall

center of the tank to the wall, gives the amount of angular moentum of the system
immediately after collision [21].

Expression ( 4.1) is represented by the solid line in gure 4.3. An alysis of
this graph shows that for the longer wall, the experimental da follows the predicted
theoretical dependence. For all angles of collision howearatter plays a signi cant
role. The data recorded for the shorter walls is not described avell by the predicted
dependence. This result however, is explained by the fact that the shorter walls
the relative proximity of the corners becomes signi cant. Ths means that the jets,
which °ow along the shorter walls experiences a nearly immetkanteraction with the
longer walls at the corners. This interaction produces a modiation of the angular
momentum.  Finally, a visualization experiment was used to detmine the resultant

pattern of the °ow for these trials during the intermediate stae of the °ow evolution

(see gure 4.1). The observed pattern was that of a rotating quadpole. This result



Figure 4.4: Sequence of photographs showing the evolutiontbé °ow for the experiment where the jet was generated
at the center of the container at the angle 135in the horizontal plane. Visualization is by dye.(at =6 s, (b) t =40 s
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may be predicted through an analysis of the external forces @rorques exerted on
the system [21]. During forcing, the magnets exert a non-zer@mlinear impulse at
an angle in the horizontal plane. As a result, a linear impulse afqual magnitude
but opposite direction is applied by the boundaries in ordera maintain a state of
rest for the center of mass. Two equal forces acting in oppositaektions results in
the generation of a vortex quadrupole that has its axis orieéad at the same angle as
the forcing. The result of the interaction of the jets with thewall also produces an
e®ect on the °ow. Due to the interaction, an external angular ipulse is exerted on
the °uid by the boundaries, which in turn induces a spin in the vaex quadrupole.
Thus, the combined result of the external linear impulse and thexternal angular
impulse is a quadrupolar °ow oriented at some angle and rotatingpunter clockwise.
Visualization of this °ow is demonstrated in gure 4.4 where the iitial forcing and

resultant quadrupolar pattern is clearly visible.



Chapter 5

Summary and Conclusions

This thesis has shown that variations in the average angular mentum in a system
of freely decaying quasi-two dimensional turbulence are a dat result of interactions
between coherent vortex dipoles/jets and the wall. Experimgal results were used
to verify the sudden initial increase of angular momentum faswed by the slow de-
cay that was observed in numerical studies and to further proge an explanation for
this behavior based on the interactions between a jet and thealls of the container.
Through the variation of the angle at which the jet interactswith the wall of the con-
tainer the average angular momentum was shown to exhibit an galar dependence.
Finally, an analysis of the forces and torques acting on the sgsh allowed for the
prediction of the pattern of the °ow during the intermediate sate of °ow evolution
to be a rotating quadrupole. Since the relative proximity othe corners of the con-
tainer played such a large role in the set of trials in which therggular dependence of
the momentum was explored, it would be instructive to perforniurther experiments
using a square tank. The use of a square tank should reduce the amoohscatter
found in the resultant peak of average angular momentum and wils further serve to

verify that the angular dependence given by expression ( 4.1)The further study

38
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planned in the "eld of decaying quasi-two-dimensional turbutece in general includes
a spectral analysis of this system as well as a study of the other egfral properties,
such as the average kinetic energy and enstrophy, of the °ow. Tdeeadditional in-
vestigations will provide a further means of comparison withhe results reported in

other recent publications as well as a more comprehensivewief the °ow dynamics

of the decaying turbulence in general.
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