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Abstract

Recent numerical studies have shown that the interaction between vortices and rigid

boundaries play a signi¯cant role in the general dynamics of a two-dimensional °ow.

This study presents a series of laboratory experiments in whichthe e®ects of the

interactions that occur between vortices and rigid boundaries in freely decaying Q2D

turbulence in a rectangular container are explored. The turbulent °ows used in this

study are generated through electromagnetic forcing where di®erent con¯gurations

of permanent magnets are used to specify the initial characteristics of the °ow. The

global characteristics of the °ow, in particular the angular momentum, are then ob-

tained through the method of Particle Imaging Velocimetry.The experimental results

con¯rm that interactions between vortex dipoles/jets and rigid boundaries cause vari-

ations in the net angular momentum. This variation of the netangular momentum is

then found to have a speci¯c angular dependance with regard to the angle of collision

between the vortex dipoles/jets and the rigid boundaries. Finally, an analysis of the

external forces and torques on the system leads to the prediction that the pattern of

the °ow should be a rotating quadrupole during the intermediate stage of the °ow

evolution. This result is then con¯rmed experimentally.
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Chapter 1

Introduction

1.1 Two-Dimensional Turbulence in Nature

Two-dimensional turbulence is a ¯eld that has recently received intense study due

to both its application as a model for many types of geophysical and astrophysical

turbulence and because it also provides a computationally accessible example of °uid

turbulence. Two-dimensional motions occur when some physicalmechanism sup-

presses the motions of the °uid in one direction so that the °ow behaves as if planar.

Many factors can lead to a planar °ow. Rotation of the °uid, a magnetic ¯eld, and

density di®erences all lead to situations in which the resulting°ows are restricted in

one direction. The earth's atmosphere and oceans constitute arotating homogeneous

°uid. As such, they experience the e®ect of the Coriolis force andsubsequently exhibit

a uniform °ow in the direction of the axis of rotation. Di®erences in salinity often

arise in the ocean and temperature di®erences are common in both the atmosphere

and oceans. Consequently, situations often arise where in the absence of mixing a

density di®erence, or density strati¯cation, is present between two regions of °uid and

a geophysical °ow can behave as if it is almost, or quasi, two-dimensional. Despite

the e®ects of both rotation and density strati¯cation on the atmosphere and oceans,

1



Chapter 1. Introduction 2

vertical motions still occur. The large length scale of these °uid bodies however,

creates a situation in which one can consider large-scale motions to 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 presenceof large-scale vortex

motions in the atmosphere and oceans. These vortex structures all arise due to a

local forcing on the °uid and are distinguished from the background °uid by their

physical properties. Vortex monopoles, like those that occur when water is drained

from a kitchen sink, possess a net angular momentum but most often do not remain

isolated in a quasi-two-dimensional turbulent °ow. Isolated vortices of opposite sign

tend to combine and form a vortex dipole. A vortex dipole consists of a strong jet

of °uid with a system of two vortices of opposite rotational sense atits front. The

dipole experiences translational motion and as such it is characterized by a net linear

momentum. Vortex quadrupoles and other more complex °ows canthen form due to

the collision of two of these dipoles. The vortex structures thatoccur in nature tend

to be long-lived and can travel great distances before they dissipate. As such they

greatly a®ect our weather and climate as they aid in the transport of dust, heat, salt

and chemical substances [1]. Another consequence of the longevity of these structures

is that situations often arise in which these vortices interactwith one another. Since

the density di®erences and large lateral length-scales of thesefeatures allow them to

be considered quasi-two-dimensional, the interactions of a number of these vortices

can be considered a case of quasi-two-dimensional turbulence. The purely theoretical

case of strictly two-dimensional turbulence can then be used to provide a simpli¯ed

model for the quasi-two-dimensional °ows that are produced in the lab and the even

more complicated motions that occur when these vortices interact in nature.



Chapter 1. Introduction 3

1.2 Purpose and Scope

Recent numerical studies [1, 2] have shown that the interaction between vortices and

rigid boundaries plays a signi¯cant role in the general dynamics of a two-dimensional

°ow. The e®ects of boundaries on the evolution of these °ows have been observed

to occur naturally in closed or semi-enclosed elongated basins in which wind-driven

circulations lead to the formation of regular arrays of vortices. Patterns similar to

those that emerge due to the self-organization of two-dimensional turbulence in a

rectangular container have been observed in such places as theAdriatic Sea, the

Tyrrhenian Sea and the Gulf of California. The °ow patterns play an important role

in the dynamics of these regions because they may lead to e±cienttransport and

mixing of passive substances such as salt or nutrients [1]. Consequently, the study of

the e®ect of rigid boundaries on the °ow evolution of two-dimensional turbulence is

quite useful. Of particular interest to this study is the reported spontaneous spin-up,

or increase in angular momentum, of the °ow due to the normal andshear stresses

that are exerted on the °uid by the rigid boundaries. In this thesis, the results

of laboratory experiments concerning variations of the netangular momentum that

arise in quasi-two-dimensional turbulence are considered. These variations are shown

to be a result of the emergence of vortex dipoles in the °ow and the subsequent

interaction of these dipoles with the walls of the tank. Finally, the extent to which

the dipole-wall interactions in°uence the global characteristics of the turbulent °ow,

in particular the net angular momentum, will be examined. The main purpose of this

study is therefore to demonstrate the spontaneous spin-up in laboratory experiments

as a means of analyzing the process of self-organization and the dipole dynamics

involved. The thesis is organized as follows: To make clear thebasic properties of

quasi-two-dimensional turbulence and the principles of vortex interactions, Chapter 2
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contains a theoretical introduction to these topics. Chapter3 consists of an overview

of the experimental setup and procedure used in this study whileChapter 4 presents

the experimental results obtained from these methods as well as a discussion of their

meaning. Chapter 5 then presents a summary of the conclusions gained 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, 4] and it is this property of

the °ow that sets it apart from the dissipative decay found in all three-dimensional

turbulent °ows. When a group of vortices interact the process ofvortex merging

occurs where neighboring vortices of like rotational sense merge to form a single

larger vortex. When this merger occurs, the energy that was contained in the smaller

initial vortices is transferred to the larger length scale of the resultant vortex. Initially

a two-dimensionally turbulent °ow will consist of many small vortices. Over time,

these vortices merge with their nearest neighbor of like rotation leaving a resulting

vortex. This vortex will in turn merge with its nearest neighbor of like rotation, a

process that will continue self-similarly until only a few vortices remain (see ¯gure

2.1). In the context of decaying two-dimensional turbulencethe term self-similar

refers to a process in which the distributions of quantities characterizing the °ow,

such as the ratio of the size of the vortices to the number of vortices, remains the

same at di®erent times [5]. In this way, energy that was injected into the initially

5



Chapter 2. Theory 6

Figure 2.1: Numerical simulation of decaying two-dimensionalturbulence. The vortic-
ity plots show the gradual increase in size and decrease in total number of vortices.[6]

turbulent system will °ow from the small to the large length scalesover the course

of the consecutive merger of the vortices. The move of the energy from small to

large length scales is what is known as the inverse energy cascade. This process is

in direct contrast with the decrease in size scales, or energy cascade, leading to the

chaotic °ows that are found in three-dimensional turbulence.Upon the addition of

a weak viscosity to the two-dimensional °ow most of the energy willstill cascade up

and become concentrated in the larger scales which implies that these °ows are only

weakly dissipative. This is also in direct contrast to the dissipative e®ects felt by

three-dimensional turbulent °ows.

2.2 Scaling Laws

As the two-dimensional turbulence decays, the behavior of its de¯ning characteristics

can be modelled by scaling laws. Batchelor [7] used dimensional analysis to determine

that when the energy per area,E, is assumed to be the only invariant, the density

of vortices will decrease at a rate of½ » E ¡ 1t ¡ 2 where t is the time. Numerical

simulations of the same regime however, provide a decay rate that is much slower

than was predicted by Batchelor. To counter this discrepancy, the theory was later
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modi¯ed by Carnevale et al [8]. It was proposed that in additionto the energy, the

extremum vorticity of the core of the vortices,! ext , 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 characteristic features of the °ow,

namely density of vortices½» L ¡ 2( t
T )», the vortex radiusa » L( t

T )
»
4 , the mean vortex

separationr » L( t
T )

»
2 , and the total enstrophy Z » T ¡ 2( t

T )
¡ »
2 , where L = ! ¡ 1

ext

p
E

and T = ! ¡ 1
ext . The exponent» however, is still the subject of debate as it cannot be

determined exclusively from this theory. Further experimental study by Carnevale

et al. [8] gave the exponent a value of» = ¡ 0:70 § 0:1 which agrees with various

numerical studies that have consistently determined the valueof » to be within the

range of 0:71 · » · 0:75. Using this value for» one can further predict the decay

rates for the other quantities to be½(t) » t ¡ 0:70§ 0:1,a(t) » t0:21§ 0:06, r (t) » t0:38§ 0:06,

and Z(t) » t ¡ 0:35. 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 strictly and quasi-two-

dimensional turbulence. The most straightforward model of thelarge-scale turbulent

motions in geophysical °ows is that of strictly two-dimensionalturbulence - a process

that is governed by the two-dimensional Navier Stokes equation. While this theory

may be used as an aid in the study of many geophysical turbulent °ows, strictly two-

dimensional turbulence is purely an idealization due to the fact that natural °ows

only remain two-dimensional for a limited range of length andtime scales before

becoming a®ected by other environmental factors. Quasi-two-dimensional turbulence

still approximates the °ow as being con¯ned to a horizontal layer but is expanded
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to include many of the environmental factors which cause the geophysical °ows to

deviate from their theoretical, small scale counterparts. Thephysical e®ect that is

most apparent in small-scale laboratory study is bottom friction. The presence of

bottom friction is believed [3, 11] to limit the size of the developing coherent vortex

structures, preventing the inverse energy cascade from reaching its full potential. The

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

exponentially [10] according to the expression

E = E0e¡ 2®t: (2.1)

Here E0 is used for normalization and® is the initial energy reading and® is the

time decay constant. The value of this constant corresponds to the relaxation of a

Poiseuille pro¯le
1

2®
=

2b2

¼2º
(2.2)

where b is the total thickness of the °uid layer and º is the kinematic viscosity.

The decay constant used the experiments reported herein agrees well with the value

obtained through equation ( 2.2) for a layer thickness of 1 cm.To compensate for the

e®ects of bottom friction, a linear term, which includes the vorticity, namely ¡ ®! ,

was added by Hansen [10] to the 2D Navier-Stokes equations. In terms of vorticity,

this gave the expression:

@t ! + J (!; Ã ) = º r 2! ¡ a! (2.3)

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

! (w; y; t) ! ~! (x; y; t ) exp¡ ®t: (2.4)
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In addition, time was rewritten as

t¤ =
1 ¡ e( ¡ ®t)

®
: (2.5)

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

dimensional °ow with a time dependent viscosity:

@t¤ ~! + J (~!; ~Ã) = º ¤r 2~! (2.6)

Where º ¤ = e®tº .

2.4 Introduction To Vortex Dynamics

The vorticity of a °ow is representative of the amount of local spin or rotation a

°uid parcel has about its center of mass or in other words, twice the 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 generally written as

! = r £ u:(2.7)

In the two-dimensionally turbulent case, vertical motions have been suppressed so

that u = ( u; v; 0) represents the velocity vector at each spatial point and the vorticity

vector points in the vertical direction, in this case! = (0, 0, ! ) where! = @v
@x¡ @u

@y.

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

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

E =
1

L2

Z u2

2
dx (2.8)

and the enstrophy per area

Z =
1

L2

Z
! 2dx (2.9)

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

A convenient measure of turbulence in a °uid °ow is the Reynolds number. Rep-

resentative of the ratio of inertial forces to viscous forces, ahigh Reynolds number

is indicative of a highly turbulent °ow while a low Reynolds number corresponds to

laminar °ow. The turbulent interactions of vortices that occur in two-dimensional

turbulence gives these °ows a high Reynolds number. For the purpose of comparison

with °ows studied by previous authors, two forms of the Reynoldsnumber may be

introduced to characterize the °ow regime immediately afterforcing. The global and

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

Reg =
LU
º

(2.10)

and

Rel =
2RU

º
(2.11)

Where U is the rms velocity of the °ow, L is the length of the tank in centimeters,

º is the kinematic viscosity of the °uid, andR = 2U
! 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 1500 and 140 respectively.

Since the viscosity of water is ¯xed, it is negligible if the length scale and velocity of
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the vortices are large enough. This allows one to consider a two-dimensional turbulent

°ow to be inviscid and it is this characteristic of the °ow that causes the energy and

enstrophy to be conserved. The basic principle of the two-dimensional inverse energy

cascade states that throughout the course of the decay the kinetic energy will move

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

2.5 Flow Angular Momentum

In this study, the impact of rigid boundaries on the angular momentum of decaying

quasi-two-dimensional turbulence is considered. A brief description of °ow angular

momentum is therefore required.

The angular momentum per unit volume of a °uid can be de¯ned asx £ ½u where

u represents the velocity vector and½u is the momentum of the system. In this

de¯nition, x is a position vector from a chosen point that is usually taken to be the

origin of the coordinate system. For a °uid body, it is assumed thatthe angular

momentum per unit volume is a conserved quantity and it is known [12] that this

quantity arises due to the action of the torque (x £ ½f) of external forces on the °uid.

For a planar °ow, the angular momentum vector is directed normal to the plane

of the °ow. The angular momentum per unit depth can then be de¯ned in terms of

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

J (t) =
Z

s
(x £ u)dS (2.12)

or in terms of the vorticity distribution ! as

J (t) =
1
2

Z

s
x £ (x £ ! )dS: (2.13)
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2.6 Vortex Structure Classi¯cation

The formation of vortex structures occurs when concentrations of vorticity tend to

assume an axisymmetric shape, with various sizes and strengths. These coherent

vorticity patches can then travel in a turbulent backgroundof small-scale vorticity

structures where they generally persist for long time periods [1, 13]. A basic vortex

structure is the monopole, the simplest of which possesses an axial symmetry and

consists of a circular patch of vorticity of one sign. In nature,vortex monopoles

are usually found to consist of a core patch of vorticity surrounded by a ring with

vorticity of the opposite sign. A vortex dipole consists of two patches of vorticity

of opposite signs arranged with mirror symmetry along the axis separating the two

patches. A structure with two symmetry planes, called a vortex quadrupole, can

arise through the collision of two vortex dipoles. Another type of vortex structure,

called a tripole, can be formed though the asymmetric collision of two dipoles or a

particular instability in a vortex monopole. The tripole consists of two dipoles that

share a common central vortex. These structures are shown schematically in ¯gure

2.2. The basic physical properties that characterize these structures allow them

to be distinguished from the surrounding °ows and these physical properties dictate

which form of forcing is necessary to create them. Vortex monopoles possess a net

angular momentum and as such a source of angular momentum is needed for their

creation. Vortex dipoles, on the other hand, are the simplest vortex 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 the °uid in order to

generate a dipole. In this study, the source of linear momentumis the interaction of a

magnetic ¯eld with an electric current which causes a localized force in the direction

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

2.7 Vortex Interactions

In the context of quasi-two-dimensional turbulent °ows, it is the vortex dipole that

plays the predominant role. Vortex monopoles do not retain their stability in a

decaying turbulent °ow and dipoles emerge when two isolated vortex monopoles of

opposite vorticity come into contact. The dipole however maypersist for a time and

can be tracked by its net linear momentum. Interactions between dipoles can then lead

to more complex vortex structures, such as quadrupoles. The dipole's ability to persist

and to interact in a decaying turbulent system has caused it to beconsidered the

'elementary particle' [21] of quasi-two-dimensional turbulence. In fact, any forcing in

quasi-two-dimensional °uid systems is considered to result in the universal formation

of vortex dipoles and their combinations. Due to the signi¯cantrole played by dipole-

dipole and dipole-wall interactions in two-dimensional turbulence, 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 of equal momenta interact

through a head-on collision (¯gure 2.3). When two equal sourcesof momentum are

applied in opposite directions to a quasi-planar °uid body, twodipoles are formed

which travel towards each other at a distance,², away from each other. As the dipoles

approach each other, they develop independently for the time interval when² > 2R,

where R is the typical radius of the dipole. When however,² » R, the process of

dipole interaction begins and the vortices that constitute these primary dipoles will

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

Next, consider the interaction that arises when instead of two dipoles of equal

momenta we have two dipoles with di®erent momenta that undergo a head-on colli-

sion. The momenta of these two dipoles can then be described byI 1 = nI 2, wheren

gives the relative intensity of the momentum of the second dipole relative to the ¯rst.

This type of interaction can exhibit two types of behavior depending on the relative

intensity of the momentum of the second dipole to the ¯rst. Whenn is su±ciently

large, the secondary dipoles, which emerge from the point of collision, are no longer

of equal intensity and do not travel away perpendicular to theaxis of collision (¯gure

2.4). The new secondary dipoles travel instead in circular paths with the weaker

of the vortices being subjected to straining and an eventual decay. Finally a new

dipole emerges which travels away in the same direction as theprimary dipole with

the stronger momentum. If however,n is su±ciently small, the momenta of the two

primary dipoles di®er only slightly and the interaction is altered (¯gure 2.5). The

circular paths described by the two secondary dipoles become much larger than the

radius of the dipoles themselves. The resultant straining ¯eld issigni¯cantly reduced

and the weaker vortices do not decay. The two secondary dipoles continue on their

circular paths and eventually meet near the original collision point where the dipoles,

now consisting of vortices of di®erent intensity, perform a secondary collision. The

new dipoles that are formed exhibit di®ering momenta this time corresponding to

that of the primary dipoles.

When forcing acts such that two dipoles are formed which travel along the same

axis of propagation with one moving behind the other, a merging will occur (¯gure

2.6). Initially, the primary dipoles develop independently. 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 mutual induction of each
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Figure 2.3: Sequence of photographs that depicts the symmetric collision of two
dipoles of equal momentum. [12]
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Figure 2.4: Sequence of photographs that depicts the interaction of two 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]

Figure 2.5: Sequence of photographs that depicts the interaction of two strong jets
of di®erent momenta. In this case the momentum of the ¯rst (lower)jet 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 subsequent merger of two dipoles
when one moves behind the other. [12]

two like vortices generates a net dipolar °ow. The vortices move in this dipolar °ow

and ¯nally merge to form a solitary dipole.

When two dipoles of equal intensity move parallel to each other the ¯nal result is a

single dipole (¯gure 2.7). Initially, the two dipoles developindependently and do not

in°uence each other as long asR < 1
2². As time increases the dimensions of the two

dipoles increase and the inner vortices begin to push sideways into their neighboring

vortices. The inner vortices begin to orbit around the outer vortices and mutual

induction creates a net dipolar °ow. Straining causes the decay of the two initially

inner vortices and the remaining outer vortices form a singledipole that continues to

travel in the same direction.

Consider the case where two dipoles of equal momenta collide atsome angle

(¯gure 2.8). Initially the dipoles develop independently. Once the dipoles begin

to interact, each of the primary vortices splits into two vortices. The outer vortices

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

to move forward. The inner vortices form a weak dipole, whichdevelops against the

background dipolar °ow, that moves in the opposite direction as the strong secondary

dipole and eventually decays.

Consider again the case of two dipoles moving towards each other, this time on

parallel paths with their axis being separated by² sin® (¯gure 2.9). Development

of the dipoles is again initially independent until the dipoles come close enough to

interact. Once interaction begins the inner vortices of thedipoles merge to form a

vortex core. The outer vortices form a periphery with the opposite sign vorticity as

that of the core. The resultant structure consists of two dipoleswith one common

vortex and can be considered a vortex tripole. In some ranges ofthese parameters,

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

2.7.2 Dipole-Wall Interactions

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

dipole with a wall. Initially a source of momentum,I 0, is at a distance² from a wall
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Figure 2.8: Sequence of photographs that depicts the subsequent interaction occurring
when two dipoles of equal momenta collide at some angle. [12]

Figure 2.9: Sequence of photographs that depicts the non-axial interaction of two
dipoles. [12]
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and travels towards it perpendicularly. As the turbulent cloud 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 vortices and weaker

satellites that eventually decay leaving two large vorticesof increasing radius. These

vortices gradually move away from each other along the wall (¯gure 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 velocity across a boundary, in

this case separating a °uid and a solid. When the source begins to act a potential

dipolar °ow is induced. This causes an emergence of frictionalforces in the boundary

layer at the wall which in turn leads to the formation of two vortex patches of opposite

sign. The patches then constitute a newly formed dipole that isdirected away from

the wall and thus interacts with the primary dipole.

The subsequent interaction can then be considered in much the same way as

the interaction of two dipoles of di®erent intensities. The dipolar °ows from the

primary and newly formed dipoles can be considered to have momenta I 0 and I ¤

respectively, whereI ¤ < I 0. Thus, the °ow in this case is governed by the parameters

I = I 0 ¡ I ¤ and M = I ¤². The formation of the secondary dipoles is then a result of

the virtual quadrupole that is generated by the vortices from the split primary dipole

and the vortices that detach from the wall. The secondary dipoles then move in a net

background dipolar °ow of intensity I as they travel away from the wall in a curved

path. At this stage, the vortices in each dipole that originally detached form the wall,

the weaker of the vortices, begins to orbit around the more intense of the vortices,

those from the primary dipole, and eventually decay. The result is the formation of a

single dipole with momentumI < I 0. The ¯nal stage of this process closely resembles

the symmetric collision of two dipoles and consequently the vortices move away form

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

wall has the e®ect of forming a single dipole with vortices thatincrease in size and

move apart along the wall as well as an overall decrease in the momentum of the

system.

Finally, we consider a source of momentumI 0 that travels parallel to a wall at

a distance² from that wall (¯gure 2.11). Initially, the dipolar vortex pa tch travels

parallel to the wall causing the formation of a thin boundary layer at the wall. As the

dipolar vortex patch moves along the wall, it sweeps the vorticity from this boundary

layer causing an asymmetry of the vorticity distribution in the vortex patch. A

consecutive interaction then occurs between the vortex patch and its mirror image

leading to an interaction similar to that of two dipoles moving parallel to each other

and separated by a distance 2². Next, a dipole forms from the vortex patch that
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Figure 2.11: Sequence of photographs that depict the evolution of an impulsive strong
jet moving along a wall. [12]

begins to move along the wall. The viscous boundary layer of the wall causes the

vortex to move away from it at which point the outer vortex becomes stretched and

eventually decays. The ¯nal result of this interaction is a single vortex that slows

down as it moves forward [12].
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Experimental Setup and Procedure

Due to the relative ease with which a turbulent °ow can be two-dimensionalized, the

study of two-dimensional turbulence, as well as the coherent vortex structures that

subsequently arise from it, is one that lends itself quite frequently to experimental

study. There are many ways in which a °ow can be made two dimensional in a labo-

ratory setting, most of which stem from the same physical principles that create these

two-dimensional °ows in nature. The presence of background rotation implemented

by a rotating platform can be used to model on a smaller scale thatwhich is felt

by the oceans and atmosphere from the earth's rotation [14, 15, 16] while density

strati¯cation [12, 17] is another easily reproducible featurefound in the oceans and

atmosphere. One may also use such techniques as the employment ofmagnetic ¯elds

[18] and the geometry of the experimental apparatus [3] to study this behavior. In

this study the geometry of the system was employed by using a thin layer 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 needed. In the ocean

a contrast in temperature is usually used for visualization whereas in the lab dye is

used to make the °ow visible. Particle Imaging Velocimetry (PIV)is a procedure

that is used to reconstruct the velocity ¯eld in a °ow [19]. In this procedure, the

displacements of small regions of the patterns of passive tracerare estimated between

sequential images using cross-correlations between small rectangular sections from

each image. This technique is widely used in experimental °uiddynamics. The

passive tracer usually used for PIV is small particles of neutral buoyancy that are

seeded into the °uid and then made visible in some way [20]. In thisstudy small

(50um) plastic spheres of approximately the same density as water were used. To

make these particles visible, the beam of light from a laser was spread into a sheet

allowing for the illumination of a horizontal plane at approximately mid-height in

the °uid. A digital camera mounted some distance above the container was used to

record to motion of the particles over the course of the experiment. Particle Image

Velocimetry was then used to provide the instantaneous velocity ¯eld from the particle

trajectories allowing for the numerical calculation of theintegral quantities of the °ow

such as energy, enstrophy and angular momentum.

3.2 Procedure and apparatus

The experiments described herein were performed in a rectangular tank, of dimensions

20 x 27.5 cm, which was inset in a larger plexiglass tank 64x 64 cm in size. Each wall

of the inner tank consists of a plexiglass frame containing an open area of 1.5x 18
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cm and 1.5x 25.5 cm for the short and long walls respectively. The frame openings

for three of the sides were then ¯lled by a sheet of ¯lter paper thatprevented the

°ow from exiting the experimental area but through which the current could pass

unobstructed. A piece of thin transparent plastic was attachedto the remaining

long side of the frame to provide an unobstructed path for the illumination of the

experimental area. Water with a salt concentration of 50 g/l was added to the tanks

until a height of 1 cm was achieved inside the inner tank. Electromagnetic forcing

was used to generate the two-dimensionally turbulent arrays of dipoles used for these

experiments. The initial set of trials employed an array of 90 permanent magnets

with a height of 0.5 cm, a diameter of 1.4 cm and an average magnetic ¯eld per area

of 0.2 Tcm¡ 2. The magnets were arranged with a vertical magnetization axis, in an

array of 9 x 10 magnets having a spacing of 1 cm and 2.5 cm for the columns and

rows respectively. For the initial trials, the magnets were arranged such that the

nearest neighbors had opposite magnetic polarity allowing the total force exerted by

the magnets on the °uid to be zero. A sheet of thin plastic, dyed byblack ink, was

attached to the top of the array to eliminate bottom re°ections 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 electrodes were arranged

parallel to the walls of the inner tank such that the force exerted by the magnets on

the °uid was created perpendicular to the longer wall of the tank. After the period

of initial forcing the subsequent °ow was allowed to decay freely. The decaying two-

dimensionally turbulent °ow was visualized through the use of seeding particles of

mean diameter 50¹m and a 1W Argon laser that was used to illuminate a horizontal

plane. A digital camera placed some distance above the tank wasused to record a 70 s

video of the experiment in plan view. This experimental setupis shown schematically

in ¯gure 3.1.
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Figure 3.1: Schematic representation of the experimental setup. (1) digital video
camera (2) Argon Laser (3) graphite electrodes (4) inner tank (5) outer tank (6)
magnet array.
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The digital video camera used in this study had an array resolution of up to

1288x1032 pixels and a typical spatial resolution of images of36 pixels/cm. As the

video was being recorded, frames were stored directly into computer memory bu®ers.

Particle Image Velocimetry was then used to provide the instantaneous velocity ¯eld

from the particle trajectories allowing for the numerical calculation of the average

angular momentum of the °ow for each video frame. These values were then used to

study the time evolution of the angular momentum of the system over the course of the

decay. The processing was performed on workstations with double Alpha processors.

Successive images with a frame rate of 10 fps were used to obtain 5velocity ¯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 °ow evolution

another series of trials were performed. The same 90 permanentmagnets were used,

with the same row and column spacing, but this time with a di®erent magnet arrange-

ment. In these trials ¯ve magnets on each side of the tank were of the same polarity

so as to generate two jets in opposite directions. The electrodes were again arranged

such that the forces were perpendicular to the longer walls ofthe 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 Velocimetrywas then used once

again to determine the time evolution of the angular momentum of the system.

To test what e®ect the initial direction of forcing has on the net angular momen-

tum of the system a ¯nal set of experiments were performed. The samearray of 90

permanent magnets was used with another magnet arrangement.This time the outer

72 magnets were arranged with alternating polarities whilethe eighteen central mag-

nets were arranged with similar polarities in two rows of ninemagnets. The sheet

of thin dyed black plastic was again attached to the top of the array to eliminate

bottom re°ections and to create a false bottom for the inner tank. A 3A current
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was added for 5 s between graphite electrodes placed outside the inner tank. The

electrodes were arranged parallel to the walls of the inner tank such that the strong

jet that was produced directly above the eighteen central magnets collided perpen-

dicular to the tank's long wall. The remaining 72 magnets thus served to enclose the

jet in a two-dimensionally turbulent background. While holding the position of the

inner tank ¯xed, the electrodes were shifted slightly towards the corners of the tank.

The magnet array was then shifted as well such that the rows of magnets remained

parallel with the electrodes. Additional magnets, of the same type, magnet spacing

and alternating polarity, were added to the sides of the magnet array such that after

turning the array the number of magnet contained in the experimental area remained

¯xed. Upon a 5 s addition of current, another 70 s video was captured 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 experiments with a range

of collision angles between 00 to 1800 were recorded. The magnitude of the peak in

angular momentum which occurred when the jets interacted with the walls was then

determined for each angle using PIV.

A ¯nal experiment was then performed as a means of visualizing the °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 in the vertical

direction. The magnet array was the same as the previous experiment with the

eighteen central magnets being arranged in two rows of nine magnets of like polarity.

The electrodes were arranged such that when a current was applied to the °uid the

jet that formed directly above the eighteen central magnetswas generated at an angle

of approximately 1350 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 evolution for a decaying

two-dimensionally turbulent °ow can be divided roughly into three stages. The initial

turbulent stage consists of the formation of a regular array of small coherent vortices

which then evolve to a second stage that is characterized by thepresence of strong

boundary layers and the spontaneous spin-up of the °ow. In the third stage, viscous

dissipation becomes the dominating °ow feature. This study willconcentrate mainly

on the °ow evolution throughout the ¯rst and second stages. The ¯rst setof data

consisted of a series of ten identical trials with an alternating array of magnet polari-

ties with the forces exerted by the magnets being directed perpendicular to the longer

wall of the tank. The magnet placement for these trials and therefore the distribution

of forces was such that angular impulse due to external forcingwas negligible. This

implies that any angular impulse must be due to the stresses at the boundaries of the

°ow. The resultant time evolution of the angular momentum for these trials showed

several very small oscillations (see ¯gure 4.1).

30
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Figure 4.1: Angular momentum of the system as a function of time for the experiment
with zero net angular forcing exerted by the array of magnetsof alternating polarity
(diamonds) and for the experiment with nonzero angular impulse exerted on the °uid
by the array of magnets where two rows of 5 magnets provide twojets in opposite
directions (circles).

This behavior is in direct contrast to the results of numericalstudies [1, 2] in

which a sudden initial increase followed by a slow decay was observed as a re°ection

of the spontaneous spin-up of the °ow. Observed values of the angular momentum

for these trials were then directly compared to those results found through numerical

studies by normalizing the observed results. In this case, the value of the angular

momentum of the same system in solid body rotation and containingthe same total

kinetic energy was used to give the normalized values of angular momentum [21]. The

normalized values for the angular momentum are presented in ¯gure 4.1. The data

shows that the peak of the oscillations has a non-dimensional value of 0.1 - a value

that is quite small when compared to the peak values observed innumerical studies.

As such, one can conclude that a consistent spin-up of the °ow was notobserved

in these trials and thus the observed oscillations in the angular momentum of the

systems can be considered a result of interactions between the vortices and the walls.
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The next set of trials consisted of magnet arrays in which 5 magnets on each

side of the tank were of the same polarity. This magnet arrangement produced a

force couple that initially generated two jets in opposite directions as opposed to the

¯rst set of trials in which the magnets produced zero net forcing. The two jets were

directed perpendicular to the longer wall of the tank. This magnet arrangement thus

produced a small initial angular momentum and as such was used toillustrate whether

this initial angular momentum can induce a self-organization 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 evolution of the angular momentum

(see ¯gure 4.1). During the initial forcing period the angularmomentum of the °ow

reached large negative values due to the external angular impulse that corresponds

to an initial counter-clockwise rotation of the °ow. Immediately after forcing, the

angular momentum shows a sharp increase towards positive valuescorresponding to a

clockwise rotation of the °ow. This behavior can be explained through 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 jet collides perpendicular to a

wall and separates into two jets that then travel along the wall in opposite directions.

These jets are both of equal strength so for this part of the °ow evolution the jets

contribute equally to the angular momentum e®ectively cancelling each other. Thus,

the angular momentum for this time period approaches zero values. Next, the jets

that °ow towards the shorter walls collide and again change their direction, this time

travelling further along the shorter walls (see ¯gure 4.2). Thejets °owing along the

longer walls get de°ected towards the interior of the tank. Since 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 more to the net angular
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Figure 4.2: Vorticity (color) and velocity (arrows) ¯elds, measured for the °ow with nonzero initial angular impulse at
(a) t = 11 s, (b) t = 18 s and (c) t = 22 s. The color bar shows the vorticity scale in s¡ 1. The arrow in the bottom left
hand corner of the frame represents the velocity scale, 1 cm/s. The distance is in pixels, 1 cm = 36.4 pix. The velocity
¯eld is measured using Particle Imaging Velocimetry.



Chapter 4. Experimental Results and Analysis 34

momentum than do the °ows along the long walls. This leads to a positive balance

of net angular momentum. Therefore, these trials show that variations of the angular

momentum occur due to the interactions of dipoles with the walls as opposed to the

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

A ¯nal set of trials was then performed to determine what e®ect the initial collision

angle between the dipoles and the wall had on the variations of angular momentum

of the system. A series of 25 trials was performed in which the angle in the horizontal

plane at which the magnets exert a force was varied. For these trials, the two rows

of magnets closest to the center of the tank on both sides were arranged with the

same polarity. The e®ect of this arrangement was to produce twostrong jets in

the same direction. The angle at which these jets collided withthe wall was then

varied and the magnitude of the peak of the angular momentum that occurred when

the jets interacted with the wall (the time period between 10-20 s of the evolution)

was recorded. These values were then plotted against the angle, µ, of the forcing in

the horizontal plane (see ¯gure 4.3). In this case the angular momentum, J, was

normalized by the value of the angular momentum of the system ifthe jets were

°owing along the longer wall of the tank [21]. The normalization value used was

IW/2 where I 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 the tank, the value of

the angular momentum will be higher by a factor of L/W. The angular dependence

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

J =

8
<

:

L=W cosµ; if 540 < µ < 1260 (shorter wall);

¡ sinµ; if 1260 < µ < 2340 (longer wall);
(4.1)

This relationship assumes that the component of the linear momentum 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 intermediate state of the °ow
for the series of experiments where the angle of the forcing inthe horizontal plane was
varied. Solid lines represent Eq. (4.1). Dark circles represent original data while the
light circles represent a "mirror image" of the same data with respect to the center
of each wall

center of the tank to the wall, gives the amount of angular momentum of the system

immediately after collision [21].

Expression ( 4.1) is represented by the solid line in ¯gure 4.3. An analysis of

this graph shows that for the longer wall, the experimental data follows the predicted

theoretical dependence. For all angles of collision howeverscatter plays a signi¯cant

role. The data recorded for the shorter walls is not described as well by the predicted

dependence. This result however, is explained by the fact that at the shorter walls

the relative proximity of the corners becomes signi¯cant. This means that the jets,

which °ow along the shorter walls experiences a nearly immediate interaction with the

longer walls at the corners. This interaction produces a modi¯cation of the angular

momentum. Finally, a visualization experiment was used to determine the resultant

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

(see ¯gure 4.1). The observed pattern was that of a rotating quadrupole. This result
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Figure 4.4: Sequence of photographs showing the evolution ofthe °ow for the experiment where the jet was generated
at the center of the container at the angle 1350 in the horizontal plane. Visualization is by dye.(a)t = 6 s, (b) t = 40 s
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may be predicted through an analysis of the external forces and torques exerted on

the system [21]. During forcing, the magnets exert a non-zero net linear impulse at

an angle in the horizontal plane. As a result, a linear impulse ofequal magnitude

but opposite direction is applied by the boundaries in order to maintain a state of

rest for the center of mass. Two equal forces acting in opposite directions results in

the generation of a vortex quadrupole that has its axis oriented 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 impulse is exerted on

the °uid by the boundaries, which in turn induces a spin in the vortex quadrupole.

Thus, the combined result of the external linear impulse and theexternal angular

impulse is a quadrupolar °ow oriented at some angle and rotatingcounter clockwise.

Visualization of this °ow is demonstrated in ¯gure 4.4 where the initial forcing and

resultant quadrupolar pattern is clearly visible.
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Summary and Conclusions

This thesis has shown that variations in the average angular momentum in a system

of freely decaying quasi-two dimensional turbulence are a direct result of interactions

between coherent vortex dipoles/jets and the wall. Experimental results were used

to verify the sudden initial increase of angular momentum followed by the slow de-

cay that was observed in numerical studies and to further provide an explanation for

this behavior based on the interactions between a jet and the walls 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 angular dependence.

Finally, an analysis of the forces and torques acting on the system allowed for the

prediction of the pattern of the °ow during the intermediate state of °ow evolution

to be a rotating quadrupole. Since the relative proximity ofthe corners of the con-

tainer played such a large role in the set of trials in which the angular dependence of

the momentum was explored, it would be instructive to performfurther experiments

using a square tank. The use of a square tank should reduce the amount of scatter

found in the resultant peak of average angular momentum and thus 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 turbulence in general includes

a spectral analysis of this system as well as a study of the other integral properties,

such as the average kinetic energy and enstrophy, of the °ow. These additional in-

vestigations will provide a further means of comparison with the results reported in

other recent publications as well as a more comprehensive view of the °ow dynamics

of the decaying turbulence in general.
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