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Abstract 

Results from a new series of experiments on quasi-two-dimensional turbulence decaying 

in a rectangular container are presented. The flows are generated electromagnetically in a 

thin layer of conducting fluid when different configurations of permanent magnets are 

used to specify the initial characteristics of the flow. The Particle Image Velocimetry 

method is used to determine the velocity and vorticity fields. These fields are further used 

to determine the global characteristics of the flow such as the energy, enstrophy and the 

net angular momentum with respect to the center of the container. The experimental 

results demonstrate that variations of net angular momentum occur due to the interactions 

of coherent vortex dipoles/jets with the walls of the container.  The variation of the 

angular momentum of the system, which occurs due to the action of stresses at the solid 

boundary, can be obtained quantitatively if the initial linear impulse exerted by the 

magnets on the fluid is known.  An analysis of external forces and torques allows one to 

predict that during the intermediate state of the flow evolution the pattern of the flow will 

be a rotating quadrupole. The energy spectra of the flow demonstrates upscale energy 

transfer and corresponding growth of the energy-weighted mean scale. Power law 

exponents are obtained for both the low and high wavenumber regions of the spectra. 

Growth of the Reynolds number of the flow was observed during the intermediate phase 

of the flow evolution. 
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1. INTRODUCTION 
 

The emergence of quasi-two-dimensional (Q2D) coherent structures such as vortex 

dipoles is a well known feature of geophysical turbulence. It is important to study these 

structures because of their many practical connections to the understanding of 

atmospheric and oceanographic phenomena. These flows have been a subject of study in 

a number of recent laboratory experiments with stratified and rotating fluids or the flows 

in a thin layer of fluid. In all of these cases different physical mechanisms suppress the 

motion in one direction and thus make the flow quasi-two-dimensional. A recent review 

of Q2D turbulence is given in Danilov, Gurarie (2000). 

Purely two-dimensional (2D) turbulence is an idealization but it provides a good basis 

for understanding more complex Q2D systems. For decaying 2D turbulence, a widely 

excepted theory (Batchelor, 1969) predicts the k-3 form of the energy spectrum E(k) for 

the high wavenumber range, k > kf, where kf  is the forcing wavenumber. The energy 

weighted scale lE increases linearly with time corresponding to the growth of the energy 

containing vortices.  A number of theoretical and numerical studies were directed at 

understanding the statistical properties of 2D turbulence where it was treated as an 

ensemble of vortices. In particular the scaling laws for different statistical characteristics 

of vortices in unbounded 2D turbulent flow were proposed by Carnevale et al.  (1991) 

and then tested in numerical (Clercx, Nielsen 2000) and laboratory experiments (Cardoso 

et al., 1994, Hansen et al., 1998).  Here however in addition to an investigation of spectral 

characteristics and decay exponents we focus on the large-scale flow dynamics of Q2D 

turbulent flows in a rectangular container as it relates to the emergence of vortex dipoles 
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in the flow and to the subsequent interaction of these dipoles with the walls of the 

container.  

It seems that vortex dipoles and their combinations are the universal product of any 

irregular forcing in Q2D systems. The vortex dipole is characterized by non-zero linear 

momentum and can be considered as one of the basic ordered structures in Q2D 

turbulence. The interactions of single dipoles with each other and with a solid wall were 

considered in Voropayev, Afanasyev (1992, 1994). In particular the oblique collisions of 

dipoles with a wall can be interpreted in terms of components of the linear momentum of 

the dipole. Clearly the investigation of the dynamics of the interactions of dipoles with 

solid boundaries in the context of Q2D turbulence is of great interest.  An important 

question is to what extent do dipole-wall interactions influence the global characteristics 

of the turbulent flow such as the net angular momentum.  Recent numerical simulations 

(Clercx et al., 1999) of decaying 2D turbulence inside a square container demonstrated 

the importance of vortex-wall interactions in the general dynamics of the flow.  In 

particular a spontaneous spin-up of the flow associated with the increase of the angular 

momentum of the flow was reported. The spin-up was also observed in laboratory 

experiments (Maassen et al., 2002) where the turbulent flow was generated by towing a 

grid of vertical bars in a 30 cm deep stratified fluid.  This phenomenon was explained as 

a result of normal and shear stresses being exerted on the fluid by the rigid boundaries as 

a consequence of the self-organization of the flow. In the present study we demonstrate 

this effect using a different laboratory set-up in which the configuration of the initial 

forcing is varied.  We then provide an analysis of the processes of self-organization based 

on the previous results on dipole dynamics. 
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 Bottom drag is an important mechanism of dissipation in addition to regular 

viscosity in laboratory flows. One can introduce two different Reynolds numbers based 

on bottom drag or the regular viscosity (Danilov et al., 2002). The dynamics of the flow 

will be constrained by the lowest Reynolds number. It is therefore important to make the 

contribution from the bottom drag lower than that of regular viscosity. In the experiments 

with the flows in a soap film the air pressure was reduced to decrease the air drag (Martin 

et al., 1998). It was shown that although the reduction of drag does not significantly 

affect the form of the energy spectrum E(k) or the growth of the integral scale (the scale 

of energy containing vortices), it is of significant importance with respect to the behavior 

of the Reynolds number with time. The Reynolds number was found to grow in 

experiments with reduced air drag whereas it remained approximately constant for the 

experiments performed at atmospheric pressure. The growth of the Reynolds number is 

an expected feature of a decaying 2D turbulent flow if the initial value of the Reynolds 

number exceeds some critical value (Chasnov, 1997). In contrast, in the experiments with 

a thin layer fluid no growth was observed (e.g. Danilov et al., 2002). The authors report 

that the contribution from ordinary viscosity constituted one-fourth of the total energy 

decay rate initially and dropped even further at the end of their experiment. Bottom 

friction was therefore a governing mechanism of dissipation in their experiments. One 

straightforward way to reduce the bottom drag in experiments with a thin layer fluid is by 

increasing the depth of the layer. The depth of the layer is then clearly constrained by the 

requirement of two-dimensionality. The flow should maintain its two-dimensionality 

within reasonable limits especially in the beginning of the experiment when the flow is 

most intense and the horizontal scales of the flow are not significantly larger than the 
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depth of the layer. In the experiments reported herein a two-layer stratification was used 

to reduce the 3D effects. The physical mechanisms leading to the suppression of the 3D 

effects in turbulent flows in thin stratified layers as well as the mechanism of transfer of 

momentum from the lower layer to the upper layer were studied by Paret et al. (1997).  

The authors concluded that the flow in such a system can be treated as two-dimensional 

after a short transient state when the adjustment occurs via the propagation of the 

interfacial gravity waves. In our experiments the Reynolds number was observed to grow 

during the intermediate phase of the flow evolution providing additional evidence that the 

regime of the flow corresponds to 2D turbulence. The spectral evolution of decaying 2D 

turbulence with regular viscosity and linear bottom drag was considered analytically by 

Scott (2001). In particular, it was concluded that the growth of the scale of the energy 

containing eddies is independent of the regular viscosity or bottom friction and therefore 

the upscale energy transfer remains robust to finite friction. In contrast the downscale 

transfer of enstrophy is limited due to a finite regular viscosity such that the enstrophy 

weighted scale decreases for sufficiently large Reynolds number, but increases for lower 

values of the Reynolds number. Here we examine the behavior of these integral scales in 

our experiments.      

  

2. LABORATORY APPARATUS AND TECHNIQUE 

The majority of our experiments were carried out in rectangular container of inner 

dimensions L = 29 cm and  W = 21 cm (Figure 1). The container was filled with two 

layers of salt water of height 0.5 cm each and of concentration 20 and 50 g/l.  The flow 

was forced electromagnetically by imposing an electric current of magnitude 3 A in the 
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horizontal direction. An array of 9 x10 permanent magnets of diameter 1.4 cm was placed 

just below a thin transparent plastic sheet of thickness 0.2 mm which constituted the 

bottom of the container. Each magnet produces a magnetic field with a vertical 

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

electric current results in a horizontal force exerted locally on the fluid in the direction 

perpendicular to the electric current. The localized force generates a vortex dipole 

(Voropayev and Afanasyev, 1994). The initial pattern of the flow induced by the array of 

magnets is typically an array of closely packed dipoles which share vortices with their 

neighbors.   

In order to vary initial distributions of vortices different arrangements of magnets 

were employed. In the basic arrangement, the nearest neighbors have opposite magnetic 

polarity and the total force exerted by the magnets on the fluid is zero. If a number of 

magnets in a row are of the same polarity, they generate a jet flow along the row. The 

total force is not equal to zero in this case. Up to 9 magnets have been used to form the 

jet in the experiments reported herein. This number constitutes a relatively small fraction 

of the total number of magnets which ensured that the jet developed in a chaotic turbulent 

background and yet it allowed us to impose a specified force on the fluid. Several distinct 

arrangements of jets were used in our experiments as follows. The first arrangement 

consisted of two jets in opposite directions where the jets were at some distance from the 

center of the container. This configuration of forces constitutes a force couple which 

generates a vortex quadrupole and exerts a torque on the fluid. Thus, this arrangement 

generated a rotating quadrupole. Clearly it provided a nonzero initial angular momentum. 

The second arrangement provided a single jet along a line through the center of the tank. 
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This single force creates a vortex dipole and exerts a negligible torque on the fluid. The 

third arrangement consisted of two jets in the opposite direction along a line through the 

center of the tank. This is equivalent to a force couple with zero torque which generates a 

vortex quadrupole.  

The direction of the forcing in the horizontal plane specified by angle q  (Figure 

1) and therefore the direction of the jet with respect to the walls of the container can be 

varied by changing the direction of the electric current. For this purpose the container 

which formed the boundaries of the flow was placed in a larger tank so that the electrodes 

which provide the current were located outside the container. The electrodes can then be 

placed at any specified angle with respect to the walls of the container. A few series of 

experiments with different arrangements of magnets with varying angle have been 

performed. The number of experiments and other parameters are summarized in Table 1 

(experiments 1-5). In all of our experiments the flow was initially forced for a short 

period of time t0 = 5 s and then is allowed to decay after the current is switched off. 

Magnets of diameter 2.5 cm were used in several experiments where either a single 

vortex dipole or quadrupole was generated. These magnets provide net magnetic field 

0.08 T. The larger magnets were used to provide a greater total force exerted on the fluid 

by the magnets where this force is proportional to the product of the magnetic field and 

the area of the magnet. 

A square container of dimensions 29 x 29 cm was used in the series of 

experiments (series 6 in Table 1) where spectral characteristics of decaying turbulence 

were investigated. An array of 14 x14 magnets of alternating polarity were used in these 
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experiments. The container was filled with two layers of water of depth 0.5 cm each and 

of concentration of salt 40 and 250 g/l.      

The horizontal velocity field in the flow was measured using a PIV technique. A 

description of the method and general technique is given by Fincham and Spedding 

(1997) and Pawlak and Armi (1998).  The seeding particles were polyamid spheres of 

mean diameter 50 mm which were made visible by illuminating the fluid with a sheet of 

light from an Argon laser approximately at the mid height of the layer. Top images of the 

flow are taken with a digital video camera with an array resolution of up to 1288 x 1032 

pixels. The typical spatial resolution of the images was 36 pixels/cm. Video frames were 

recorded directly into computer memory buffers. Further processing of images was 

performed on workstations with double Alpha processors where successive images with a 

frame rate of 10 fps were used to obtain 5 velocity fields per second. Each velocity field 

represents an array of dimensions 70 x 98 which corresponds to spatial resolution of 0.3 

cm. For the experiments in the larger container velocity 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 for the purpose of comparing it with the flows 

studied previously by other authors, it is useful to introduce global and local Reynolds 

numbers as follows: Reg = LU/n and Re = lU/n , where U is the rms velocity of the flow, 

L is the length of the container, n  is the kinematic viscosity of the fluid, and l = U/W is 

the scale of a vortex which is defined via the rms vorticity W.  While the global Reynolds 

number characterizes the relative importance of inertial effects with respect to viscosity 
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on the scale of the basin, the local Reynolds number is based on the scale of an 

elementary vortex. Indeed, if one considers the elementary vortex of radius R to be in a 

state of a solid body rotation, the linear velocity at the periphery of the vortex is then 

RU
2
W

=  which defines the radius of the vortex if its vorticity is known. This definition 

of the radius is within a constant factor of the scale l. The local Reynolds number is 

therefore often defined based on either the radius or the diameter of the vortex by 

different authors. Here we chose the local Reynolds number to be defined in the same 

way as in Chasnov  (1997). In our experiments, the initial values of the Reynolds 

numbers estimated immediately after the forcing was terminated varied as  Reg = 650 - 

1000 and Re = 15 - 20.  The  values of Re were close to the critical value of Rec = 15.73 

determined in numerical simulations by Chasnov (1997).  According to these simulations 

the Reynolds number of the flow stays constant during the flow evolution if its initial 

value is equal to the critical one and increases with time if the initial value is greater than 

the critical value.  

 The results of the experiments on the evolution of turbulence generated by 

different configurations of forcing are presented in the following Section.  These 

experiments were performed in a rectangular container with walls of different lengths to 

emphasize certain features of interaction of the flow and the solid boundaries. 

3.1 Interaction of vortex dipoles with solid boundaries 

In our first attempt to observe spontaneous spin-up we performed a series of ten identical 

experiments (series 1 in Table 1) with the basic configuration of magnets and the force 

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

container as 
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where vx and vy are the velocity components, was calculated in the experiments. The 

typical evolution of the angular momentum of the system in all of the experiments was 

characterized by several distinct oscillations (Figure 2) rather than a sudden initial 

increase and then slow decay as was observed in numerical simulations (Clercx et al., 

1998). Thus a consistent spin-up of the flow has not been observed in this series of 

experiments. Note that in these experiments the distribution of forces exerted by the 

magnets on the fluid is such that the angular impulse due to external forcing is negligible. 

The weak variations of angular momentum are most probably due to the interactions of 

vortices with the walls and the angular impulse due to the stresses at the boundaries. It is 

difficult in the case of a turbulent flow to observe how individual vortices cause 

variations of the angular momentum. This effect is clearly demonstrated however in our 

further experiments with single dipoles (without turbulent background). For the purpose 

of comparison with Clercx et al. (1998), the angular momentum was normalized by the 

value of the angular momentum Lsb of the same system in solid body rotation and 

containing the same total kinetic energy. The angular momentum Lsb can be related to the 

total energy of the flow   
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as follows 
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2/1)2( totalsb IEL = . 

Here I = LW(L2+W2)/12 is the moment of inertia of a rectangular plate of dimensions L 

and W. The nondimensional amplitude of the oscillations is quite small and equal to 

approximately 0.1.  

To test whether a small nonzero initial angular momentum of the system can induce a 

self-organization of the flow such that the spin-up is further amplified due to the 

interaction with the walls, a second series of experiments (series 2 in Table 1) was 

performed. In these experiments three or five magnets on each side of the tank were of 

the same polarity such that they exert a force couple which initially generates two jets in 

opposite directions. The forces are perpendicular to the longer wall of the container. The 

angular momentum of the flow due to the external angular impulse reaches large positive 

values during the forcing (Figure 3) but then suddenly increases towards negative values 

which correspond to a clockwise rotation rather than to a continuation of the initial 

tendency. Careful observation of the flow reveals that when the two jets (dipoles) collide 

with the walls they separate into two parts, each forming jets in both directions along the 

longer walls of the container. Since the jets are of equal strength, they contribute equally 

to the net angular momentum of the system. The jets which flow towards the shorter 

walls collide with the walls and change their direction flowing further along the shorter 

walls (Figure 4). These jets contribute more to the net angular momentum than the jets 

flowing along the longer walls because the distance from the center of the container to 

the shorter wall is greater than the distance to the longer wall. Moreover, the jets flowing 

along the longer walls get deflected from the walls to the interior of the container. The 

balance of the net angular momentum is therefore positive. These experiments clearly 
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demonstrate that variations in the angular momentum occur due to the interactions of 

dipoles with the walls rather than reorganization of vortices toward global spinning 

around the center of the container. 

Once it is established that the collisions of coherent propagating vortex structures 

(dipoles) with the walls cause variations of the net angular momentum of the system, the 

next natural step is to investigate the dependence of this effect on the initial direction of 

the dipoles with respect to the walls. We performed a few series of experiments wherein 

the angle in the horizontal plane at which the magnets exert a force on the fluid has been 

varied.  Different arrangements of magnets were used to provide flows with zero initial 

angular momentum and different configurations of jets.  The magnitude of the peak of the 

angular momentum occurring when the jets interact with the walls (10-20 s) was then 

plotted (Figure 5 a, b) as a function of angle q (Figure 1) of the forcing in the horizontal 

plane for the experiments 3 and 4 (Table 1). Similar experiments (series 5 in Table 1) 

were also performed with a dipole (jet) induced by a single magnet located in the center 

of the tank in the absence of a turbulent background for comparison.  The angular 

momentum of this flow was also plotted as a function of q  (Figure 5 c). It is interesting 

to note that in these experiments a clear correlation between the collision of the dipole 

with the wall of the container and  the occurrence of the peak of the angular momentum 

was observed. The peak occurs shortly after the dipole impinges the wall when the jet 

flow forms along the wall as a result of this collision. The angular momentum J for all of 

the experiments was normalized by the value of the product IW/2 where I is the net linear 

momentum carried by the jets and W is the width of the container. This product 

corresponds to the value of the angular momentum of the system if the jets were flowing 
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along the longer wall of the container. For the same jets flowing along the shorter wall 

the value of the angular momentum will be higher by a factor of L/W. Assuming that the 

component of the linear momentum of the jet parallel to the wall with which the jet 

collides multiplied by the distance from the center of the container to the wall gives the 

amount of the angular momentum of the system immediately after collision, we expect 

the angular dependence of the angular momentum to be as follows: 

�
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<<
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12654,cos/

qq
qq
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Here the values of q = 54o, 126o, 234o correspond to the corners of the container (Figure 

1). The sign of the angular momentum J is defined in the conventional sense such that a 

positive angular momentum corresponds to counterclockwise rotation. To measure the 

net linear momentum I carried by the jet the velocity of the flow was integrated over the 

limited region of the flow including the jet. The width of the this region was adjusted 

such that the value of  I  was maximal and did not change when the size of the region was 

increased. These measurements were performed in the experiments where the jet was 

approximately perpendicular to a longer or shorter wall of the container. The results were 

averaged and then used for all of the experiments with different q . The quantity I was 

measured with an error of approximately 20% which gives the same error in the 

theoretical value of the angular momentum J.  The dependence (1) is shown by the solid 

line in Figure 5. Although the scatter is significant it is clear that the experimental data 

follows this dependence reasonably well at the longer wall. At the shorter wall the 

relative proximity of corners of the container plays a significant role. The jet flowing 

along the shorter wall interacts immediately with the longer wall at the corner which 
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results in a modification of the angular momentum. Note that the experimental data 

shown in Figure 5 is plotted over the range of q which constitutes the full period of the 

function J. Clearly a graph in the half-period range would be enough to completely 

describe the function. The data from the experiments outside of this range can then be 

easily folded into the range. Here we instead show the full period of the function simply 

for demonstrative purpose but either fold the data from the outside of the full period 

range from some experiments or use the same data from inside the interval twice by 

inverting the sign of the angular momentum.   

It is interesting to note that an analysis of the external forces and torques exerted on 

the system allows us to predict the resulting pattern of the flow. Since the magnets exert 

some nonzero net linear impulse at a certain angle in the horizontal plane, an equal linear 

impulse in the opposite direction must be applied by the boundaries to keep the centre of 

mass of the fluid at rest.  Two equal forces acting in opposite directions (force dipole) 

result in the formation of a vortex quadrupole (Voropayev, Afanasyev, 1994)  with its 

axis oriented at the same angle as the forcing. Besides an external force (linear impulse) 

dipole, an external angular impulse is exerted by the boundaries on the fluid as a result of 

the interaction of jets (dipoles) with the walls. This angular impulse induces the jet flow 

along the periphery of the basin. In Figure 6 a typical pattern of the flow is demonstrated 

in the visualization experiment. A quadrupolar flow oriented at some angle and a jet 

flowing counterclockwise along the walls of the container can be clearly seen in plate b 

of Figure 6. The jet separates from the boundary in several locations transporting 

vorticity into the interior of the basin. Although it is difficult to identify these features in 

the still picture which includes several vortices in different combinations, it can be seen 
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clearly in the movie of the experiment. A sketch in Figure 7 summarizes the main 

features of this flow namely the quadrupole and the jet flowing along the walls of the 

tank. The intermediate regime of the flow evolution can therefore be characterized as 

rotating quadrupole. To further clarify the interaction of the dipole with a corner of the 

tank a simple visualization experiment with a single dipole (without a turbulent 

background) was performed. In this experiment the area of fluid above the single magnet 

in the center of the tank was dyed with a blue dye, while the area near the wall of the tank 

where the dipole hits the wall was dyed with red dye (Figure 8). The plates a-d in Figure 

8 demonstrate the evolution of the flow. After the dipole hits the wall at an oblique angle 

a jet forms in the counterclockwise direction (Figure 8 b). This jet turns the corner, 

continues along the shorter wall of the tank and then separates from the wall. A weaker 

flow develops in the clockwise direction and separates almost immediately from the 

longer wall (Figure 8 b).  These two jets then collide head-on (Figure 8 c) which 

eventually leads to the formation of the quadrupole (Figure 8 d). Since one of the jets is 

stronger, its contribution to the total angular momentum 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 are discussed in this Section were performed in 

a square container of a larger size than the one used for our experiments on the 

interactions with the walls in order to fully use the spatial resolution of the experimental 

system and to provide therefore bigger range of scales.     
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Bottom friction as well as friction due to ordinary viscosity causes the total 

energy of the flow to decay. Bottom friction is commonly parameterized by a linear term 

in the vorticity equation 

wnlw
w

D+-=
Dt
D

,      (2) 

where w is vorticity, l  is the linear drag coefficient and n is the kinematic viscosity. 

Linear drag causes an exponential decay of energy. The typical value of the exponent of 

total energy decay in our experiments in a large container was d(lnE)/dt = - 0.024 s-1. 

This decay rate was measured during the intermediate time of approximately 10 s after 

the termination of the forcing. According to (Danilov et al., 2002) the mean exponent of 

energy decay due only to bottom friction can be estimated as  

E
Z
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Ed

nl 2
)(ln

2 --= ,  

where E = U2  and Z = W2/2 are energy and enstrophy per unit mass. Here the 

contribution to the decay rate from the ordinary viscosity is given by the term -2nZ/E. In 

the above relation for l  this contribution is subtracted from the total rate of energy decay 

given by d(lnE)/dt.  Although the first term in the right hand side of (2) remains 

approximately constant during the experiment, the second term varies.  The estimate for 

the linear drag coefficient gives 2l  = 0.012 s-1  during the intermediate stage of the 

experiment. The contribution from bottom drag increases to 2l  = 0.017 s-1  towards the 

end of experiment. Thus the contributions from the bottom friction and from the ordinary 

viscosity were close in the experiments reported herein. 
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 To be assured that the dissipation in the flow is not too restrictive we plotted the 

local Reynolds number of the flow  

nn W
==

ElU
Re  

as a function of time (Figure 9). This plot shows the growth of the Reynolds number 

during the intermediate time of flow evolution after the forcing stops (t = 5 s). This 

behavior indicates that the Reynolds number although not very high is above the critical 

value predicted in numerical calculations by Chasnov (1997). Note, that in similar 

experiments by Danilov et al. (2002) initial values of Re were higher than that in our 

experiments but the growth was not observed. Thus, the relative magnitude of the bottom 

friction and regular viscosity or equivalently the ratio of  appropriately defined Reynolds 

numbers, is an important factor governing the regime of the flow.   

For each velocity component (vx , vy), the two-dimensional power spectra Sxx = 

vnm vnm
*  and Syy = vnm vnm

*  in wave number space (n, m) were calculated. Time 

averaging was performed over intervals of 1s.  The integration over the angle j   in wave 

number space was then performed to obtain the one dimensional energy spectrum  
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 in terms of radial wave number k = (n2 + m2)1/2. The typical energy spectra for different 

times in the experiment with the basic arrangement of magnets are shown in Figure 10. 

The spectra show a peak at wave number k »  10 which corresponds to the forcing 

wavenumber kf = (n2 + m2)1/2 = 7 2   (14 by 14 magnets of alternating polarity) and 

represents the energy injection scale. It is interesting to note that a second peak emerges 
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at  half of the forcing wavenumber k1 = kf /2. This peak represents a pairing of the 

original vortices and the correspondent transfer of energy from the original peak to the 

subharmonic peak. Closer inspection reveals that this transfer occurs such that the 

original peak decreases while the subharmonic peak increases rather than via the 

continuous shifting of the original peak towards lower wavenumbers.  Some indication of 

further pairing at k2 = k1 /2 can also be observed in the energy spectrum.  The high-

wavenumber part of the spectra can be approximately described by a power law of the 

form km where m = - 3.0 ±  0.15.  The estimate for the low-wavenumber part of the 

spectrum is 1»m .  The one-dimensional enstrophy spectrum (Figure 11) was calculated 

using the same method as that used for the energy spectrum.  The enstrophy spectrum 

exhibits a peak at the forcing wave number at an initial time as well as a peak at the 

subharmonic wave number at the end of the time interval (here we are considering the 

time interval which corresponds to the intermediate asymptotic regime during which the 

Re number grows). The occurrence of peaks at the forcing wave number and at the 

subharmonic wave number are similar to those observed in the energy spectrum. The 

differences of the two spectra are however the most interesting. In particular, at 

intermediate times, the peak of the enstrophy distribution remains at the forcing wave 

number rather than shifting to the subharmonic wave number. The peak also spreads 

symmetrically to higher and lower wave numbers. This behavior will be further 

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

 Further insight into the spectral evolution of the flow can be provided by 

measuring the moments of the energy spectrum. Following Scott (2001), we consider the 

nth moment as  
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 The moments M0 and M2  correspond to the total energy and enstrophy of the flow. Some 

useful integral characteristics of the flow, namely the energy-weighted mean wave 

number kE , the variance of the spectrum s2
E , enstrophy-weighted  mean scale lZ and the 

appropriate variance s2
Z , can then be introduced via the moments of the energy spectrum 

as following: 

0

1

0

0

),(

),(

)(
M
M

dktkE

dktkkE

tkE ==

�

�
¥

¥

, 

2

0

22 )( EE k
M
M

t -=s  , 

2

1

0

0

1

),(

),(

)(
M
M

dktkZ

dktkZk

tlZ ==

�

�
¥

¥
-

 , 

2

2

02 )( ZZ l
M
M

t -=s  . 

According to Scott (2001) the energy-weighted mean wave number which provides a 

measure of the energy containing scale, should decrease with time regardless of the 

values of the ordinary viscosity or the linear bottom friction coefficient. This decrease 

corresponds to an upscale energy transfer. The enstrophy-weighted  mean scale provides 

a measure of the enstrophy containing scales. Its behavior depends on the Reynolds 

number such that it decreases for sufficiently large Reynolds number which corresponds 



 21

to a downscale transfer of enstrophy.  The growth of the variances of the spectrum s2
E or  

s2
Z should indicate the spreading in wave number space. The above integral 

characteristics were estimated in our experiments by numerical integration of the 

appropriate moments of one dimensional energy spectra. The typical evolution of energy-

weighted mean scale lE = 1/kE  and enstrophy-weighted  mean scale lZ is given in Figure 

12. lE increases linearly from the value of 0.065 to about twice that value while lZ remains 

approximately constant during the experiment. The initial value of lE = 0.065 (k = 15) 

corresponds to approximately 2.9 cm scale in physical coordinates which is equal to the 

distance between the centers of magnets in the array. After the mean scale increases to 

the value of lE = 0.15, no further doubling of the scale is observed.  Evolution of the 

variances of the energy spectrum s2
E  and enstrophy s2

Z  are shown in Figure 13.  s2
E   

shows no significant variation. Since the energy-weighted mean scale lE grows, this 

indicates that the energy spectrum is shifting towards shorter wavenumbers while the 

width of the peak does not increase.  In contrast, s2
Z shows linear growth at intermediate 

times of the flow evolution while the enstrophy-weighted mean scale lZ remains 

approximately constant during the same period of time. This must indicate that enstrophy 

is spreading in the wavenumber space while the “center of mass” of the distribution 

remains in place. This behavior is consistent with the evolution of the enstrophy spectrum 

observed during intermediate times (Figure 11). 

        

4. CONCLUSIONS 

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

decaying in a rectangular container has revealed that variations of net angular momentum 
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occur due to the interactions of coherent vortex dipoles/jets with the walls of the 

container. The spontaneous spin-up is more likely to occur when there is an initial 

asymmetry in the form of the coherent jets (dipoles) on the turbulent background. The 

initial magnitude and sign of the angular momentum of the flow is not a determining 

factor in this case. In particular, in the experiments with two jets and an initial nonzero 

net angular momentum the sign of the rotation due to spin-up was opposite to that of 

initial angular momentum.  The spin-up occurs even when the initial net angular 

momentum was negligible within experimental accuracy as is the case in the experiments 

with a single jet (dipole) or two opposing jets (quadrupole) when the jets were generated 

along a line through the center of the tank. An important governing parameter however is 

the initial linear momentum of the coherent jets. The variation of the angular momentum 

of the system which occurs due to the action of stresses at the solid boundary can 

therefore be obtained quantitatively if the initial linear impulse exerted by the magnets on 

the fluid is known.  An analysis of external forces and torques also allows us to predict a 

pattern of the flow during the intermediate state of the flow evolution to be a rotating 

quadrupole. It is interesting to note that this intermediate structure has yet to evolve 

towards a final state of the flow. According to Maassen (2000) and Maassen et al. (1999, 

2002), the final states observed in the experiments with a thick stratified fluid layer were 

either a shielded monopole vortex if a net non-zero angular momentum was present in the 

initial flow or alternatively dipolar/quadrupolar structures in the flows without initial 

angular momentum. A dominant final state in the form of a dipole which does not 

reorganize into an annular symmetric structure was reported by Marteau et al. (1995) in 

the experiments with thin stratified fluids layers forced electromagnetically by an array of 
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magnets of alternating polarity. The authors also discuss their results in the context of 

statistical theory.  The results of numerical simulations by Brands et al. (1999) 

demonstrate that both monopolar and dipolar structures emerge from statistically 

identical initial distributions. We also observed both dipolar and monopolar structures at 

the end of our experiments although we did not document the statistics of their 

occurrence since we were not particularly interested in the strongly dissipative regime of 

the flow which establishes towards the end of the experiments.   

 Investigations of the energy spectra of the flow in a large square container 

revealed upscale energy transfer via growth of subharmonic peaks due to successive 

pairing of vortex structures. This upscale transfer also manifests itself in the growth of 

the energy-weighted mean scale. Note that a similar mechanism of growth of vortex 

structures via successive pairing was observed in different turbulent flows. The examples 

include turbulent flow in a thin layer of fluid generated by an oscillating grid of thin 

vertical rods (Voropayev, Afanasyev, 1993, Voropayev et al., 1995) or the flow occurring 

due to gravitational instability in a form of the array of thermals propagating in a thin 

vertical cell (Voropayev et al., 1993).  The high wavenumber region of the spectra 

demonstrates a power law decay with the value of the exponent m = - 3 which is in 

agreement with classical theory. The low wavenumber region of the spectra demonstrates 

shallower growth than the scaling regime m = 3 predicted by Lesieur (1991) although the 

power law interval is not very pronounced in our experiments. This behavior however is 

in agreement with the results of the experiments in soap films (Martin et al., 1998). An 

important result of the present study is the growth of the Reynolds number of the flow 

which is in agreement with the predictions of Chasnov (1997). This provides additional 
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evidence of the 2D dynamics of the flow despite of the fact that the thickness of the layer 

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

Series of 
experiments 

qqqq    # of 
trials 

Magnet Arrangement 

1 00 10 Alternating polarity 
2 00 10 Two parallel jets flowing in opposite directions 

on a turbulent background 
3 00 - 

1360 
23 Single jet (dipole) on a turbulent background 

4 50 - 
1120 

31 Two jets flowing towards one another 
(quadrupole) on a turbulent background 

5 00 - 
1810 

31 Single jet (dipole) 

6 00 5 Alternating polarity, square container 
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Figure captions: 

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

container and the angle of the forcing. 

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

zero net forcing exerted by an array of magnets of alternating polarity. 

Figure 3. Angular momentum of the system as a function of time for an experiment with 

nonzero angular impulse exerted on the fluid by the array of magnets where two rows 

of 5 magnets provide two jets in opposite directions. 

Figure 4. Vorticity (color) and velocity (arrows) fields measured for the flow with 

nonzero initial angular impulse at t = 11 s (a) and t = 18 s (b). 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, 1cm = 36.4 

pix. 

Figure 5. Peak values of the angular momentum at the intermediate state of the flow for 

the series of experiments where the angle of the forcing in the horizontal plane was 

varied: (a) single dipole (jet) in turbulent background (series 3 in Table 1), (b) 

quadrupole (2 opposing jets) in turbulent background (series 4) and (c) single dipole 

(jet) (series 5). The Solid lines represent equation (1). Circles represent original data 

while the stars represent a “mirror image” of the same data with respect to the center 

of each wall.  
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Figure 6. Photographs showing the evolution of the flow for an experiment where a jet 

was generated at the center of the container at the angle q  = 135o in the horizontal 

plane. Visualization is by dye. (a) t = 6 s, (b) t = 40 s. 

Figure 7. Sketch of the vortex structure superimposed on the image of the flow (same as 

in Figure 5 b). The main features of the flow include: the quadrupole oriented 

approximately in the direction of original forcing (1), counterclockwise jet along 

the wall of the tank (2).    

Figure 8. Sequence of photographs showing the evolution of the flow for an experiment 

where a dipole was generated by a single magnet at the center of the tank at 

oblique angle with respect to the longer wall (series 5 in Table 1, q  = 137o). 

Visualization is by dye. (a) t = 5 s, (b) t = 8 s (c) t = 13 s, (d) t = 18 s. 

Figure 9. Evolution of the Reynolds number of the flow for series 6 (Table 1). Arrows 

indicate the intermediate range where Re is growing after the end of the forcing (t 

= 5 s). 

Figure 10. Evolution of one-dimensional energy spectrum for series 6 (Table 1) in 

logarithmic (a) and in linear (b) coordinates: t = 8.6 s  (circles), t = 14 s (squares), 

t = 20 s, (triangles). Forcing stops at t = 5 s in this series of experiments. The 

forcing wavenumber and two subharmonic wavenumbers that occur due to pairing 

of vortices are indicated by arrows. 

Figure 11. Same as in Figure 10 but for enstrophy. 

Figure 12. Energy-weighted mean scale lE  (circles ) and enstrophy-weighted  mean scale 

lZ (stars) for series 6 (Table 1). 
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Figure 13. Variances of the spectrum s2
E (a) and  s2

Z (b) for series 6 (Table 1). 
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