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Abstract

Results from a new series of experiments on quésieimensional turbulence decaying
in a rectangular container are presented. The fln@generated electromagnetically in a
thin layer of conducting fluid when different cogdirations of permanent magnets are
used to specify the initial characteristics of tloa. The Particle Image Velocimetry
method is used to determine the velocity and vitytfeelds. These fields are further used
to determine the global characteristics of the fkugh as the energy, enstrophy and the
net angular momentum with respect to the centédnetontainer. The experimental
results demonstrate that variations of net angul@mentum occur due to the interactions
of coherent vortex dipoles/jets with the walls loé tontainer. The variation of the
angular momentum of the system, which occurs dileg@ction of stresses at the solid
boundary, can be obtained quantitatively if théahlinear impulse exerted by the
magnets on the fluid is known. An analysis of ex&&forces and torques allows one to
predict that during the intermediate state of the/fevolution the pattern of the flow will
be a rotating quadrupole. The energy spectra dildedemonstrates upscale energy
transfer and corresponding growth of the energygtitedd mean scale. Power law
exponents are obtained for both the low and highewamber regions of the spectra.
Growth of the Reynolds number of the flow was oledrduring the intermediate phase

of the flow evolution.



1. INTRODUCTION

The emergence of quasi-two-dimensional (Q2D) caltesuctures such as vortex
dipoles is a well known feature of geophysical tlence. It is important to study these
structures because of their many practical conoestio the understanding of
atmospheric and oceanographic phenomena. These flave been a subject of study in
a number of recent laboratory experiments withti§ied and rotating fluids or the flows
in a thin layer of fluid. In all of these casesfelient physical mechanisms suppress the
motion in one direction and thus make the flow gias-dimensional. A recent review
of Q2D turbulence is given in Danilov, Gurarie (B)O

Purely two-dimensional (2D) turbulence is an ideation but it provides a good basis
for understanding more complex Q2D systems. Foaylag 2D turbulence, a widely
excepted theory (Batchelor, 1969) predictskfiéorm of the energy spectrui(k) for
the high wavenumber rande>? ki, wherek; is the forcing wavenumber. The energy
weighted scalé: increases linearly with time corresponding todhawth of the energy
containing vortices. A number of theoretical ananerical studies were directed at
understanding the statistical properties of 2D ulebce where it was treated as an
ensemble of vortices. In particular the scalingddar different statistical characteristics
of vortices in unbounded 2D turbulent flow weregosed by Carnevale et al. (1991)
and then tested in numerical (Clercx, Nielsen 2@0(@) laboratory experiments (Cardoso
et al., 1994, Hansen et al., 1998). Here howevaddition to an investigation of spectral
characteristics and decay exponents we focus olatfe-scale flow dynamics of Q2D

turbulent flows in a rectangular container asldtes to the emergence of vortex dipoles



in the flow and to the subsequent interaction ekéhdipoles with the walls of the
container.

It seems that vortex dipoles and their combinatamesthe universal product of any
irregular forcing in Q2D systems. The vortex dipsleharacterized by non-zero linear
momentum and can be considered as one of the twaoed structures in Q2D
turbulence. The interactions of single dipoles veiith other and with a solid wall were
considered in Voropayev, Afanasyev (1992, 1994pdrticular the oblique collisions of
dipoles with a wall can be interpreted in termsafponents of the linear momentum of
the dipole. Clearly the investigation of the dynesnof the interactions of dipoles with
solid boundaries in the context of Q2D turbulerscefigreat interest. An important
guestion is to what extent do dipole-wall interact influence the global characteristics
of the turbulent flow such as the net angular maom@n Recent numerical simulations
(Clercx et al., 1999) of decaying 2D turbulencedasa square container demonstrated
the importance of vortex-wall interactions in thengral dynamics of the flow. In
particular a spontaneous spin-up of the flow asdediwith the increase of the angular
momentum of the flow was reported. The spin-up atas observed in laboratory
experiments (Maassen et al., 2002) where the tenibdilow was generated by towing a
grid of vertical bars in a 30 cm deep stratifiaddl This phenomenon was explained as
a result of normal and shear stresses being exentéiake fluid by the rigid boundaries as
a consequence of the self-organization of the flovthe present study we demonstrate
this effect using a different laboratory set-upvinich the configuration of the initial
forcing is varied. We then provide an analysishef processes of self-organization based

on the previous results on dipole dynamics.



Bottom drag is an important mechanism of dissgrain addition to regular
viscosity in laboratory flows. One can introducetdifferent Reynolds numbers based
on bottom drag or the regular viscosity (Danilowakt 2002). The dynamics of the flow
will be constrained by the lowest Reynolds numbas. therefore important to make the
contribution from the bottom drag lower than thtegular viscosity. In the experiments
with the flows in a soap film the air pressure weduced to decrease the air drag (Martin
et al., 1998). It was shown that although the rédnof drag does not significantly
affect the form of the energy spectritk) or the growth of the integral scale (the scale
of energy containing vortices), it is of signifitamportance with respect to the behavior
of the Reynolds number with time. The Reynolds nemnvas found to grow in
experiments with reduced air drag whereas it reathapproximately constant for the
experiments performed at atmospheric pressuregiidweth of the Reynolds number is
an expected feature of a decaying 2D turbulent fidive initial value of the Reynolds
number exceeds some critical value (Chasnov, 199€pntrast, in the experiments with
a thin layer fluid no growth was observed (e.g. ikaret al., 2002). The authors report
that the contribution from ordinary viscosity cahged one-fourth of the total energy
decay rate initially and dropped even further atehd of their experiment. Bottom
friction was therefore a governing mechanism osigigtion in their experiments. One
straightforward way to reduce the bottom drag ipeziments with a thin layer fluid is by
increasing the depth of the layer. The depth ofdlger is then clearly constrained by the
requirement of two-dimensionality. The flow shouabtdintain its two-dimensionality
within reasonable limits especially in the begimnof the experiment when the flow is

most intense and the horizontal scales of the #oswnot significantly larger than the



depth of the layer. In the experiments reporte@inea two-layer stratification was used
to reduce the 3D effects. The physical mechanisiadihg to the suppression of the 3D
effects in turbulent flows in thin stratified lageas well as the mechanism of transfer of
momentum from the lower layer to the upper layerenstudied by Paret et al. (1997).
The authors concluded that the flow in such a systan be treated as two-dimensional
after a short transient state when the adjustmsnire via the propagation of the
interfacial gravity waves. In our experiments theeyRolds number was observed to grow
during the intermediate phase of the flow evolupwaviding additional evidence that the
regime of the flow corresponds to 2D turbulencee $hectral evolution of decaying 2D
turbulence with regular viscosity and linear bottdrag was considered analytically by
Scott (2001). In particular, it was concluded tifat growth of the scale of the energy
containing eddies is independent of the regulazogiy or bottom friction and therefore
the upscale energy transfer remains robust teeffnittion. In contrast the downscale
transfer of enstrophy is limited due to a finitguar viscosity such that the enstrophy
weighted scale decreases for sufficiently largerfels number, but increases for lower
values of the Reynolds number. Here we examiné¢havior of these integral scales in

our experiments.

2. LABORATORY APPARATUS AND TECHNIQUE

The majority of our experiments were carried outgotangular container of inner
dimensions L =29 cm and W = 21 cm (Figure 1). Gbwetainer was filled with two
layers of salt water of height 0.5 cm each andooicentration 20 and 50 g/l. The flow

was forced electromagnetically by imposing an elecurrent of magnitude 3 A in the



horizontal direction. An array of 9 x10 permanertgmets of diameter 1.4 cm was placed
just below a thin transparent plastic sheet ofkiféss 0.2 mm which constituted the
bottom of the container. Each magnet produces anatexfield with a vertical

component of approximately 0.09 T. The interacbbthe magnetic field with the

electric current results in a horizontal force ¢éxé@rdocally on the fluid in the direction
perpendicular to the electric current. The localif®rce generates a vortex dipole
(Voropayev and Afanasyev, 1994). The initial pattef the flow induced by the array of
magnets is typically an array of closely packedtlip which share vortices with their

neighbors.

In order to vary initial distributions of vorticesfferent arrangements of magnets
were employed. In the basic arrangement, the neaeeghbors have opposite magnetic
polarity and the total force exerted by the magpoetthe fluid is zero. If a number of
magnets in a row are of the same polarity, theygsr a jet flow along the row. The
total force is not equal to zero in this case. &Jp tmagnets have been used to form the
jet in the experiments reported herein. This nundoastitutes a relatively small fraction
of the total number of magnets which ensured tiejdt developed in a chaotic turbulent
background and yet it allowed us to impose a sgecfbrce on the fluid. Several distinct
arrangements of jets were used in our experimentsllaws. The first arrangement
consisted of two jets in opposite directions whbeejets were at some distance from the
center of the container. This configuration of Egconstitutes a force couple which
generates a vortex quadrupole and exerts a tomytieedluid. Thus, this arrangement
generated a rotating quadrupole. Clearly it prodidenonzero initial angular momentum.

The second arrangement provided a single jet adige through the center of the tank.



This single force creates a vortex dipole and exariegligible torque on the fluid. The
third arrangement consisted of two jets in the @jipalirection along a line through the
center of the tank. This is equivalent to a foroepie with zero torque which generates a

vortex quadrupole.

The direction of the forcing in the horizontal pdaspecified by anglg (Figure
1) and therefore the direction of the jet with mdto the walls of the container can be
varied by changing the direction of the electricrent. For this purpose the container
which formed the boundaries of the flow was plaiced larger tank so that the electrodes
which provide the current were located outsidecthretainer. The electrodes can then be
placed at any specified angle with respect to thksvef the container. A few series of
experiments with different arrangements of magnétts varying angle have been
performed. The number of experiments and othempeters are summarized in Table 1
(experiments 1-5). In all of our experiments tleflwas initially forced for a short
period of time ¢ =5 s and then is allowed to decay after the atigeswitched off.
Magnets of diameter 2.5 cm were used in severaraxents where either a single
vortex dipole or quadrupole was generated. Thegmeta provide net magnetic field
0.08 T. The larger magnets were used to provideatey total force exerted on the fluid
by the magnets where this force is proportiondh®product of the magnetic field and

the area of the magnet.

A square container of dimensions 29 x 29 cm wasd us#he series of
experiments (series 6 in Table 1) where spectaladteristics of decaying turbulence

were investigated. An array of 14 x14 magnets t@fraating polarity were used in these



experiments. The container was filled with two lesyef water of depth 0.5 cm each and

of concentration of salt 40 and 250 g/I.

The horizontal velocity field in the flow was measa using a PIV technique. A
description of the method and general technig@gviesn by Fincham and Spedding
(1997) and Pawlak and Armi (1998). The seedingigas were polyamid spheres of
mean diameter 58m which were made visible by illuminating the flmdth a sheet of
light from an Argon laser approximately at the ralght of the layer. Top images of the
flow are taken with a digital video camera witharay resolution of up to 1288 x 1032
pixels. The typical spatial resolution of the imageas 36 pixels/cm. Video frames were
recorded directly into computer memory buffers.tker processing of images was
performed on workstations with double Alpha prooessvhere successive images with a
frame rate of 10 fps were used to obtain 5 veldtgs per second. Each velocity field
represents an array of dimensions 70 x 98 whictesponds to spatial resolution of 0.3
cm. For the experiments in the larger containeoaig} fields of resolution 99 x 99 were

obtained with the rate 7.3 fps.

3. EXPERIMENTAL RESULTS AND INTERPRETATION
To characterize the regime of the flow and forghepose of comparing it with the flows
studied previously by other authors, it is useduhtroduce global and local Reynolds
numbers as followsRg = LU/n andRe = [lUh , whereU is the rms velocity of the flow,
L is the length of the containar, is the kinematic viscosity of the fluid, ahd U/Wis
the scale of a vortex which is defined via the mogicity W. While the global Reynolds

number characterizes the relative importance atialesffects with respect to viscosity



on the scale of the basin, the local Reynolds nunshegased on the scale of an
elementary vortex. Indeed, if one considers thmetgary vortex of radiuR to be in a

state of a solid body rotation, the linear veloeitythe periphery of the vortex is then
U= % R which defines the radius of the vortex if its vwaty is known. This definition

of the radius is within a constant factor of thalet. The local Reynolds number is
therefore often defined based on either the raaliibe diameter of the vortex by
different authors. Here we chose the local Reynoldaber to be defined in the same
way as in Chasnov (1997). In our experimentsijritial values of the Reynolds
numbers estimated immediately after the forcing teasiinated varied as Re 650 -
1000 and Re 15 - 20. The values of Re were close to thgcativalue of Rg= 15.73
determined in numerical simulations by Chasnov {39%\ccording to these simulations
the Reynolds number of the flow stays constantnduttie flow evolution if its initial
value is equal to the critical one and increaséi e if the initial value is greater than

the critical value.

The results of the experiments on the evolutiotudfulence generated by
different configurations of forcing are presentedhe following Section. These
experiments were performed in a rectangular coetaanth walls of different lengths to

emphasize certain features of interaction of the fhnd the solid boundaries.
3.1 Interaction of vortex dipoles with solid boundaies

In our first attempt to observe spontaneous spimeperformed a series of ten identical
experiments (series 1 in Table 1) with the basidigaration of magnets and the force

exerted by the magnets being perpendicular toothgdr wall of the container. The
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angular momentum of the flow, which is defined wiéspect to the center of the

container as

L/2 W/2
L= (xv, - yv,)dxdy,

-L/2-W/2

where yand \, are the velocity components, was calculated irekperiments. The
typical evolution of the angular momentum of theteyn in all of the experiments was
characterized by several distinct oscillations (F&y2) rather than a sudden initial
increase and then slow decay as was observed iermaaisimulations (Clercx et al.,
1998). Thus a consistent spin-up of the flow hasyeen observed in this series of
experiments. Note that in these experiments thealalision of forces exerted by the
magnets on the fluid is such that the angular isgdue to external forcing is negligible.
The weak variations of angular momentum are mastadsly due to the interactions of
vortices with the walls and the angular impulse tluthe stresses at the boundaries. It is
difficult in the case of a turbulent flow to observow individual vortices cause
variations of the angular momentum. This effeciéarly demonstrated however in our
further experiments with single dipoles (withoutowlent background). For the purpose
of comparison with Clercx et al. (1998), the angaf@mentum was normalized by the
value of the angular momentumg, of the same system in solid body rotation and
containing the same total kinetic energy. The aaguomentunts,can be related to the

total energy of the flow

L/2 W/2
—_ 2 2
Etotal - (Vy +Vx )dXdy
-L/2-W/2
as follows
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st = (2|Etotal)l/2 .

Herel = LW(L?*+W?3)/12is the moment of inertia of a rectangular plateliaiensiond.
andW. The nondimensional amplitude of the oscillatianquite small and equal to

approximately 0.1.

To test whether a small nonzero initial angular rantam of the system can induce a
self-organization of the flow such that the spiniifurther amplified due to the
interaction with the walls, a second series of expents (series 2 in Table 1) was
performed. In these experiments three or five megoe each side of the tank were of
the same polarity such that they exert a force leowpich initially generates two jets in
opposite directions. The forces are perpendicoldéingé longer wall of the container. The
angular momentum of the flow due to the externgldar impulse reaches large positive
values during the forcing (Figure 3) but then sudyglécreases towards negative values
which correspond to a clockwise rotation rathenttwa continuation of the initial
tendency. Careful observation of the flow revela#t tvhen the two jets (dipoles) collide
with the walls they separate into two parts, eacming jets in both directions along the
longer walls of the container. Since the jets drequal strength, they contribute equally
to the net angular momentum of the system. Thenbish flow towards the shorter
walls collide with the walls and change their direc flowing further along the shorter
walls (Figure 4). These jets contribute more tortaeangular momentum than the jets
flowing along the longer walls because the distdnme the center of the container to
the shorter wall is greater than the distanceaddhger wall. Moreover, the jets flowing
along the longer walls get deflected from the wallghe interior of the container. The

balance of the net angular momentum is therefoséipe. These experiments clearly
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demonstrate that variations in the angular momertacar due to the interactions of
dipoles with the walls rather than reorganizatibrartices toward global spinning

around the center of the container.

Once it is established that the collisions of ceheépropagating vortex structures
(dipoles) with the walls cause variations of theargyular momentum of the system, the
next natural step is to investigate the dependehtids effect on the initial direction of
the dipoles with respect to the walls. We perforraddw series of experiments wherein
the angle in the horizontal plane at which the ne¢gjexert a force on the fluid has been
varied. Different arrangements of magnets werd us@rovide flows with zero initial
angular momentum and different configurations t§.jeThe magnitude of the peak of the
angular momentum occurring when the jets interattt thie walls (10-20 s) was then
plotted (Figure 5 a, b) as a function of angl@-igure 1) of the forcing in the horizontal
plane for the experiments 3 and 4 (Table 1). Smailgeriments (series 5 in Table 1)
were also performed with a dipole (jet) inducedalsingle magnet located in the center
of the tank in the absence of a turbulent backgidoncomparison. The angular
momentum of this flow was also plotted as a functdg (Figure 5 c). It is interesting
to note that in these experiments a clear corogldietween the collision of the dipole
with the wall of the container and the occurreatthe peak of the angular momentum
was observed. The peak occurs shortly after th@elimpinges the wall when the jet
flow forms along the wall as a result of this caithn. The angular momentudrfor all of
the experiments was normalized by the value opteductiW/2 wherel is the net linear
momentum carried by the jets avdis the width of the container. This product

corresponds to the value of the angular momentutneo$ystem if the jets were flowing
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along the longer wall of the container. For the sg@ts flowing along the shorter wall
the value of the angular momentum will be highealdgctor ofL/W. Assuming that the
component of the linear momentum of the jet par&dlehe wall with which the jet
collides multiplied by the distance from the cerdkthe container to the wall gives the
amount of the angular momentum of the system imatelyi after collision, we expect
the angular dependence of the angular momentura &s liollows:

L/Wcosg, if 54°<qg<12€
- sing, if 126’ <qg<23%

J= 1)

Here the values of = 54, 126, 234 correspond to the corners of the container (Figure
1). The sign of the angular momentuns defined in the conventional sense such that a
positive angular momentum corresponds to countekelse rotation. To measure the
net linear momenturhcarried by the jet the velocity of the flow wasdgtated over the
limited region of the flow including the jet. Thadth of the this region was adjusted
such that the value df was maximal and did not change when the sizeeofegion was
increased. These measurements were performed @xgleeiments where the jet was
approximately perpendicular to a longer or shostalt of the container. The results were
averaged and then used for all of the experimeittsdifferentg . The quantity was
measured with an error of approximately 20% whiskeg the same error in the
theoretical value of the angular momentdinirhe dependence (1) is shown by the solid
line in Figure 5. Although the scatter is signifitd is clear that the experimental data
follows this dependence reasonably well at the dorvggll. At the shorter wall the

relative proximity of corners of the container @aysignificant role. The jet flowing

along the shorter wall interacts immediately wiike tonger wall at the corner which
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results in a modification of the angular momentiNuate that the experimental data
shown in Figure 5 is plotted over the rangey@fhich constitutes the full period of the
functionJ. Clearly a graph in the half-period range would bewgh to completely
describe the function. The data from the experisientside of this range can then be
easily folded into the range. Here we instead stim@full period of the function simply
for demonstrative purpose but either fold the diatten the outside of the full period
range from some experiments or use the same aataifiside the interval twice by

inverting the sign of the angular momentum.

It is interesting to note that an analysis of tkemal forces and torques exerted on
the system allows us to predict the resulting patbé the flow. Since the magnets exert
some nonzero net linear impulse at a certain angtee horizontal plane, an equal linear
impulse in the opposite direction must be appligdhe boundaries to keep the centre of
mass of the fluid at rest. Two equal forces aciiingpposite directions (force dipole)
result in the formation of a vortex quadrupole (doayev, Afanasyev, 1994) with its
axis oriented at the same angle as the forcingdBssn external force (linear impulse)
dipole, an external angular impulse is exertedieyltoundaries on the fluid as a result of
the interaction of jets (dipoles) with the wall$ig angular impulse induces the jet flow
along the periphery of the basin. In Figure 6 adsgfopattern of the flow is demonstrated
in the visualization experiment. A quadrupolar floviented at some angle and a jet
flowing counterclockwise along the walls of the tainer can be clearly seen in plate b
of Figure 6. The jet separates from the boundasgireral locations transporting
vorticity into the interior of the basin. Althougfhs difficult to identify these features in

the still picture which includes several vorticeglifferent combinations, it can be seen
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clearly in the movie of the experiment. A sketchrigure 7 summarizes the main
features of this flow namely the quadrupole andi¢h@dowing along the walls of the
tank. The intermediate regime of the flow evoluteam therefore be characterized as
rotating quadrupole. To further clarify the interan of the dipole with a corner of the
tank a simple visualization experiment with a sindipole (without a turbulent
background) was performed. In this experiment tiea af fluid above the single magnet
in the center of the tank was dyed with a blue ayf@le the area near the wall of the tank
where the dipole hits the wall was dyed with red ¢fyigure 8). The plates a-d in Figure
8 demonstrate the evolution of the flow. After thpole hits the wall at an oblique angle
a jet forms in the counterclockwise direction (F®@& b). This jet turns the corner,
continues along the shorter wall of the tank armeh tbeparates from the wall. A weaker
flow develops in the clockwise direction and sepssalmost immediately from the
longer wall (Figure 8 b). These two jets thenidellhead-on (Figure 8 c) which
eventually leads to the formation of the quadrugblgure 8 d). Since one of the jets is
stronger, its contribution to the total angular nemtam of the flow is bigger. This results

in a overall rotation of the fluid.
3.2 Spectral characteristics

The experiments (series 6 in Table 1) that areudsed in this Section were performed in
a square container of a larger size than the oae s our experiments on the
interactions with the walls in order to fully useetspatial resolution of the experimental

system and to provide therefore bigger range désca
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Bottom friction as well as friction due to ordinarigcosity causes the total
energy of the flow to decay. Bottom friction is canly parameterized by a linear term

in the vorticity equation

bw_. w +rmw, (2)
Dt

wherewis vorticity, / is the linear drag coefficient amtis the kinematic viscosity.
Linear drag causes an exponential decay of en@fgytypical value of the exponent of
total energy decay in our experiments in a largeainer was d(IB)/dt = - 0.024 &.

This decay rate was measured during the intermetrae of approximately 10 s after
the termination of the forcing. According to (Damilet al., 2002) the mean exponent of

energy decay due only to bottom friction can bérested as

dinE) , Z
dt E

2/ =-

whereE = U? andZ = W2 are energy and enstrophy per unit mass. Here the
contribution to the decay rate from the ordinargceisity is given by the term#Z/E. In
the above relation fof this contribution is subtracted from the totakraf energy decay
given by d(IrE)/dt. Although the first term in the right hand sidg®) remains
approximately constant during the experiment, #wad term varies. The estimate for
the linear drag coefficient gives 2 0.012 & during the intermediate stage of the
experiment. The contribution from bottom drag imses to 2 = 0.017 § towards the
end of experiment. Thus the contributions fromtib#om friction and from the ordinary

viscosity were close in the experiments reportedihe
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To be assured that the dissipation in the flonoistoo restrictive we plotted the

local Reynolds number of the flow

Re:lizi
n Wn

as a function of time (Figure 9). This plot shows growth of the Reynolds number
during the intermediate time of flow evolution aftee forcing stopstE 5 s). This
behavior indicates that the Reynolds number althowg very high is above the critical
value predicted in numerical calculations by Chasii®97). Note, that in similar
experiments by Danilov et al. (2002) initial valugsRe were higher than that in our
experiments but the growth was not observed. Tihas,elative magnitude of the bottom
friction and regular viscosity or equivalently tregio of appropriately defined Reynolds

numbers, is an important factor governing the regahthe flow.

For each velocity component,(wy), the two-dimensional power spec8a =
Vom Vam  @NdSyy = Vam Vam  IN Wave number spaca, () were calculated. Time

averaging was performed over intervals of 1s. iftegration over the angle in wave

number space was then performed to obtain the inmendional energy spectrum

1 k #

E(k) = EW (S« tS,,)d/ 3)

in terms of radial wave numbkr (n? + m?)Y/2

. The typical energy spectra for different
times in the experiment with the basic arrangemémagnets are shown in Figure 10.

The spectra show a peak at wave nunkberl0 which corresponds to the forcing

wavenumbek; = (n? + m?)*2 =742 (14 by 14 magnets of alternating polarity) and

represents the energy injection scale. It is istérg to note that a second peak emerges
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at half of the forcing wavenumbler = k; /2. This peak represents a pairing of the
original vortices and the correspondent transfemargy from the original peak to the
subharmonic peak. Closer inspection reveals tiatrdnsfer occurs such that the
original peak decreases while the subharmonic peakases rather than via the
continuous shifting of the original peak towardadw wavenumbers. Some indication of
further pairing ak, = k; /2 can also be observed in the energy spectrume. high-
wavenumber part of the spectra can be approximdesgribed by a power law of the
form k™ wherem= - 3.0+ 0.15. The estimate for the low-wavenumber pathef
spectrum ism» 1. The one-dimensional enstrophy spectrum (Figdenas calculated
using the same method as that used for the enpagyram. The enstrophy spectrum
exhibits a peak at the forcing wave number at daitime as well as a peak at the
subharmonic wave number at the end of the timevatéhere we are considering the
time interval which corresponds to the intermed&sgmptotic regime during which the
Re number grows). The occurrence of peaks at tloenfpwave number and at the
subharmonic wave number are similar to those obskervthe energy spectrum. The
differences of the two spectra are however the néstesting. In particular, at
intermediate times, the peak of the enstrophyiligion remains at the forcing wave
number rather than shifting to the subharmonic wawaber. The peak also spreads
symmetrically to higher and lower wave numbers sTdehavior will be further

confirmed when considering the evolution of thestesphy-weighted length scale.

Further insight into the spectral evolution of floev can be provided by
measuring the moments of the energy spectrum. WwinlgpScott (2001), we consider the

nth moment as
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M, (t) = ' K"E(k, t)dk .

0
The moment#l, andM, correspond to the total energy and enstrophiieflow. Some
useful integral characteristics of the flow, namiblg energy-weighted mean wave
numberke , the variance of the spectrigft , enstrophy-weighted mean schland the

appropriate variancg?; , can then be introduced via the moments of tieeggnspectrum

as following:
¥
KE(Kk,t)dk
— 0 — Ml
kE(t) - ¥ - M 1
E(k,t)dk 0

0

M
sé(t):M—z‘ k|

0

¥

k'Z(k,t)dk
— 0 — Ml
|Z(t) - ¥ - M ’
Z(k, t)dk 2
0
M
s2(t) :M—Z- 12 .

According to Scott (2001) the energy-weighted m&axme number which provides a
measure of the energy containing scale, shoulcedserwith time regardless of the
values of the ordinary viscosity or the linear boitfriction coefficient. This decrease
corresponds to an upscale energy transfer. Theophgtweighted mean scale provides
a measure of the enstrophy containing scaleseliayior depends on the Reynolds

number such that it decreases for sufficientlydaRgynolds number which corresponds
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to a downscale transfer of enstrophy. The grothe variances of the spectrigf or

s?; should indicate the spreading in wave number spwe above integral
characteristics were estimated in our experimeytsumerical integration of the
appropriate moments of one dimensional energy spethe typical evolution of energy-
weighted mean scale = 1/ke and enstrophy-weighted mean sdalis given in Figure
12.Igincreases linearly from the value of 0.065 to alimite that value whilé; remains
approximately constant during the experiment. Tital value oflg = 0.065 k = 15)
corresponds to approximately 2.9 cm scale in playsicordinates which is equal to the
distance between the centers of magnets in thg. afeer the mean scale increases to
the value ofg = 0.15, no further doubling of the scale is obedrvEvolution of the
variances of the energy spectrsfia and enstrophg?, are shown in Figure 13%
shows no significant variation. Since the energygivied mean scale grows, this
indicates that the energy spectrum is shifting tolwahorter wavenumbers while the
width of the peak does not increase. In contefstshows linear growth at intermediate
times of the flow evolution while the enstrophy-glaied mean scalgremains
approximately constant during the same periodnoétiThis must indicate that enstrophy
is spreading in the wavenumber space while thetécasf mass” of the distribution
remains in place. This behavior is consistent withevolution of the enstrophy spectrum

observed during intermediate times (Figure 11).

4. CONCLUSIONS

In summary, it can be concluded that a laboratovestigation of Q2D turbulence

decaying in a rectangular container has reveal@dvtriations of net angular momentum
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occur due to the interactions of coherent vortg@oldis/jets with the walls of the
container. The spontaneous spin-up is more likeelyccur when there is an initial
asymmetry in the form of the coherent jets (dipptesthe turbulent background. The
initial magnitude and sign of the angular momenafrthe flow is not a determining
factor in this case. In particular, in the expemtsewith two jets and an initial nonzero
net angular momentum the sign of the rotation dusptn-up was opposite to that of
initial angular momentum. The spin-up occurs ewéen the initial net angular
momentum was negligible within experimental accyras is the case in the experiments
with a single jet (dipole) or two opposing jets &guupole) when the jets were generated
along a line through the center of the tank. Anantgnt governing parameter however is
the initial linear momentum of the coherent jetse Variation of the angular momentum
of the system which occurs due to the action efsses at the solid boundary can
therefore be obtained quantitatively if the inifiakar impulse exerted by the magnets on
the fluid is known. An analysis of external for@exl torques also allows us to predict a
pattern of the flow during the intermediate stdtéhe flow evolution to be a rotating
guadrupole. It is interesting to note that thigintediate structure has yet to evolve
towards a final state of the flow. According to Maan (2000) and Maassen et al. (1999,
2002), the final states observed in the experimetitsa thick stratified fluid layer were
either a shielded monopole vortex if a net non-zergular momentum was present in the
initial flow or alternatively dipolar/quadrupolatrsctures in the flows without initial
angular momentum. A dominant final state in thexfaf a dipole which does not
reorganize into an annular symmetric structure nepsrted by Marteau et al. (1995) in

the experiments with thin stratified fluids layéosced electromagnetically by an array of
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magnets of alternating polarity. The authors alsouss their results in the context of
statistical theory. The results of numerical siatioins by Brands et al. (1999)
demonstrate that both monopolar and dipolar strastamerge from statistically
identical initial distributions. We also observeatibdipolar and monopolar structures at
the end of our experiments although we did not deent the statistics of their
occurrence since we were not particularly intexkstehe strongly dissipative regime of

the flow which establishes towards the end of tpeaments.

Investigations of the energy spectra of the flovailarge square container
revealed upscale energy transfer via growth of aubbnic peaks due to successive
pairing of vortex structures. This upscale tranafso manifests itself in the growth of
the energy-weighted mean scale. Note that a siméahanism of growth of vortex
structures via successive pairing was observedferent turbulent flows. The examples
include turbulent flow in a thin layer of fluid gerated by an oscillating grid of thin
vertical rods (Voropayev, Afanasyev, 1993, Voropageal., 1995) or the flow occurring
due to gravitational instability in a form of theay of thermals propagating in a thin
vertical cell (Voropayev et al., 1993). The higawenumber region of the spectra
demonstrates a power law decay with the value@gkponenm = - 3 which is in
agreement with classical theory. The low wavenumégion of the spectra demonstrates
shallower growth than the scaling regime= 3 predicted by Lesieur (1991) although the
power law interval is not very pronounced in oupexments. This behavior however is
in agreement with the results of the experimentoap films (Martin et al., 1998). An
important result of the present study is the grosftthe Reynolds number of the flow

which is in agreement with the predictions of Clmas(i1997). This provides additional
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evidence of the 2D dynamics of the flow despit¢heffact that the thickness of the layer

was somewhat higher that that in the previous exarts reported by different authors.
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Table 1.

Series of q # of Magnet Arrangement
experiments trials
1 d 10 | Alternating polarity
2 d 10 Two parallel jets flowing in opposite directsn
on a turbulent background

3 0- 23 Single jet (dipole) on a turbulent background
136

4 5- 31 Two jets flowing towards one another
112 (quadrupole) on a turbulent background

5 0 - 31 | Single jet (dipole)
1871°

6 d 5 Alternating polarity, square container
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Figure captions:

Figure 1. Sketch of the experimental container shguhe inner dimensions of the

container and the angle of the forcing.

Figure 2. Angular momentum of the system as a fonaf time for an experiment with

zero net forcing exerted by an array of magnetdtefnating polarity.

Figure 3. Angular momentum of the system as a fonaf time for an experiment with
nonzero angular impulse exerted on the fluid byatttay of magnets where two rows

of 5 magnets provide two jets in opposite direction

Figure 4. Vorticity (color) and velocity (arrowsglds measured for the flow with
nonzero initial angular impulse gt 11 s (a) anti= 18 s (b). The color bar
shows the vorticity scale ii'sThe arrow in the bottom left hand corner of the
frame represents the velocity scale, 1 cm/s. Tégawice is in pixels, 1cm = 36.4
pix.

Figure 5. Peak values of the angular momentumeaintiermediate state of the flow for
the series of experiments where the angle of thenfg in the horizontal plane was
varied: (a) single dipole (jet) in turbulent baakgnd (series 3 in Table 1), (b)
quadrupole (2 opposing jets) in turbulent backg(series 4) and (c) single dipole
(jet) (series 5). The Solid lines represent equafig. Circles represent original data
while the stars represent a “mirror image” of thene data with respect to the center

of each wall.
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Figure 6. Photographs showing the evolution offinve for an experiment where a jet
was generated at the center of the container arthleg = 135 in the horizontal

plane. Visualization is by dye. (B¥ 6 s, (b} =40 s.

Figure 7. Sketch of the vortex structure superiredasn the image of the flow (same as
in Figure 5 b). The main features of the flow imt#uthe quadrupole oriented
approximately in the direction of original forciig)), counterclockwise jet along

the wall of the tank (2).

Figure 8. Sequence of photographs showing the gwonlof the flow for an experiment
where a dipole was generated by a single magrleéatenter of the tank at
oblique angle with respect to the longer wall @5 in Table 1g = 137).

Visualization is by dye. (#)=5s, (bt=8s (ct=13s, (dx=18s.

Figure 9. Evolution of the Reynolds number of tleevffor series 6 (Table 1). Arrows
indicate the intermediate range where Re is growitey the end of the forcing (

=55s).

Figure 10. Evolution of one-dimensional energy $peu for series 6 (Table 1) in
logarithmic (a) and in linear (b) coordinatés: 8.6 s (circles) = 14 s (squares),
t= 20 s, (triangles). Forcing stopstat5 s in this series of experiments. The
forcing wavenumber and two subharmonic wavenumibetsoccur due to pairing

of vortices are indicated by arrows.
Figure 11. Same as in Figure 10 but for enstrophy.

Figure 12. Energy-weighted mean sdal€circles ) and enstrophy-weighted mean scale

Iz (stars) for series 6 (Table 1).
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Figure 13. Variances of the spectrafe (a) and s>, (b) for series 6 (Table 1).
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