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Experimental study of a vortex in a magneti �eldBinod Sreenivasan, Thierry Alboussi�ereDepartment of Engineering, University of CambridgeTrumpington Street, Cambridge CB2 1PZ, UK.(Submitted to Journal of Fluid Mehanis)AbstratIt is well-known that MHD ows behave di�erently from onventional uidows in two ways: the magneti �eld makes the ow �eld anisotropi in the sensethat it beomes independent of the o-ordinate parallel to the �eld. Seondly,the ow of liquid aross the �eld lines indues an eletri urrent, leading toohmi damping. Experimental results that quantify the deay of kineti energyand the growth of anisotropy of fully-developed MHD turbulene, when the ratioof the eletromagneti Lorentz fores to the non-linear inertial fores (termedthe interation parameter, N0) assumed low to moderate (� 0:1� 1) values,are available to us. In this paper, an experimental study of the long-time deayof an initially-three-dimensional ow struture subjet to a steady magneti�eld, when the interation parameter takes large as well as moderate values, ispresented. This investigation is also markedly di�erent from previous studies onquasi-2D MHD ows in thin layers of onduting uids, where only Hartmannlayer frition held the key to the dissipation of the ow.The initial \linear" phase of deay of an MHD ow, haraterized by dom-inant Lorentz fores and modelled extensively in the literature, has been ob-served for the �rst time in a laboratory experiment. Further, when N0 is largeompared to unity, a distint regime of deay of a vortex follows this linearphase. This interesting trend an be explained in terms of the behaviour of theratio of the atual magnitudes of the Lorentz to the non-linear inertial fores{the true interation parameter{whih dereases to a onstant of order unity1



towards the end of the linear phase of deay, and remains invariant during asubsequent \non-linear" phase.1 IntrodutionEarly experimental studies on MHD ows in duts have demonstrated that a mag-neti �eld tends to suppress turbulene in an eletrially-onduting liquid (Branoveret al., 1970a; Slyusarev, 1971). It is now well-established that MHD ows di�er fromonventional ows in two major respets: the magneti �eld elongates the ow stru-tures in its diretion so that the resulting ow �eld is anisotropi (see �gure 1), andseondly, the ow of liquid aross the magneti �eld lines indues an eletri urrent,leading to signi�ant Joule dissipation.Magneti �elds are ommonly used to pump, stir and stabilize liquid metals. Inasting operations, the motion of submerged liquid metal jets that feed the astingmoulds is suppressed by the appliation of an intense, stati magneti �eld. In theabsene of this \eletomagneti braking", these jets an severely disturb the freesurfae of the liquid, leading to the entrainment of oxides and other surfae debris.In fusion tokamaks, the toroidal deuterium-tritium plasma volume is on�ned bya toroidal magneti �eld of about 15 Tesla provided by a set of superondutingmagnet oils. Between the plasma and the magneti oils, a lithium oolant blanketis plaed to absorb the energy of the emitted neutrons, to absorb the heat from thereator ore and also to breed tritium to maintain the fuel supply. The disadvantageof this sheme is that, the interation between the intense magneti �eld and the liq-uid metal blanket leads to suppression of turbulene, and a subsequent redution inheat transfer rate (Lielausis, 1975). Design of e�etive oolant hannels to overomethese adverse MHD e�ets is urrently a very ative area of researh.There is a wealth of information available in the literature on the two-dimensionalnature of MHD turbulene. It was noted that the magneti �eld suppressed turbu-lene intensities in its diretion. The veloity orrelation oeÆients in the diretion2



of the applied magneti �eld were shown to approah unity, and the energy spe-trum measured perpendiular to the magneti �eld displayed a slope of �3 for strongmagneti �elds; see Kolesnikov and Tsinober (1972), Votsish and Kolesnikov (1975).Sommeria (1988) studied two-dimensional vorties produed in a horizontal layer ofmerury of thikness a (= 20 mm) with a free upper surfae, subjeted to a uniformvertial magneti �eld. The vortex was fored by an eletri urrent going from aneletrode in the insulating base to the eletrially-onduting irular outer frame.The balane between steady eletri foring and the dissipation at the Hartmannboundary layers, and the free deay of a two-dimensional vortex due to Hartmannfrition were among the ases investigated. When the urrent was swithed o�, theenergy of the vortex deayed exponentially on a time sale tH equal to (�=��) 12 a=B0,solely due to dissipation in the Hartmann layer. A reent study on a quasi-2D MHDow by Alboussi�ere et al. (1999) features a shear layer of merury of thikness 10mm in a uniform vertial magneti �eld. A radial eletri urrent injeted from airular array of eletrodes at the base of to the outer wall interats with the mag-neti �eld to generate a rotational motion. The swirl veloity above the bottomHartmann layer was measured by platinum-wire potential probes embedded in theinsulating base. Under a moderate magneti �eld, the measured veloities were 50%of the theoretial values for laminar ow, u� � I=4�r(���)1=2 (Sommeria, 1988).The authors aount for the di�erene between the observed and predited valuesin terms of the reation of a 3D poloidal reirulation due to Ekman pumping inthe Hartmann layer. Experiments and theory agreed well in a later study performedunder strong magneti �elds, indiating that the above reirulation was suppressed.Exept for the studies on energy spetra, early experimental investigations on MHDows were aimed primarily at verifying the two-dimensional nature of MHD turbu-lent ow strutures. Experimental investigations that quantify the long-time evolu-tion of an initial three-dimensional ow are few and far between. A signi�ant stepin this diretion was taken by Alemany et al. (1979), who investigated experimen-tally the deay of MHD turbulene when the initial interation parameter took low3



(� 0:1) as well as moderate (� 1) values. Their on�guration onsisted of a gridmoving through a tall vertial olumn of merury subjeted to an axial, homoge-neous DC magneti �eld. They observed that the integral length sale parallel to Binreases with time, and the kineti energy of the turbulene deays as t�1:7. Thelatter result indiated the e�et of Joule dissipation of the turbulene. The experi-ments were quite di�erent from those performed earlier in duts in a transverse �eld,beause the measurements were pratially free from wall e�ets. In a later study,Caperan and Alemany (1985) investigated the development of anisotropy in homo-geneous MHD turbulene, and noted the transition towards a quasi-two-dimensionalstate.There have also been di�erent theoretial approahes to the problem of magnetidamping of vortial ows. The most signi�ant ones are those by Mo�att (1967),Sommeria and Moreau (1982) and Davidson (1995). These analyses are \linear" inthe sense that, the non-linear inertial terms in the equation of motion are negleted,and what results is a balane between the linear inertia, �u=�t and the Lorentzfores. The assumption here is that the harateristi time during whih a magneti�eld eliminates veloity gradients in its diretion, the Joule time (�) is small inomparison with the turn-over time of an eddy, t0(= l=u):� = �=�B2 � l=u; (1)where � and � are the density and eletrial ondutivity of the uid, l and u arethe typial size and veloity of the vortex, and B is the magneti ux density, sothat the interation parameter, N , is large ompared to unity:N = t0=� = �B2l=�u� 1: (2)It is also assumed in these studies that the magneti Reynolds number, Rm, whihrepresents the ratio of onvetion to magneti di�usion is muh lesser than unity.This important dimensionless group in MHD, identi�ed by Lehnert (1952), bringsout the interplay between the ow and the magneti �eld. The ondition of lowRm implies that the �eld indued by the motion is negligible in omparison with4



the imposed �eld, and the latter an be alulated as if the uid were at rest. Theondition of low Rm is usually satis�ed in laboratory experiments and industrialappliations with liquid metals (Moreau, 1990). Mo�att studied the deay of theFourier transform of the linearised, invisid equation of motion for � < t < N0 � ,where N0 is the initial interation parameter. The turbulent kineti energy wasshown to deay as (t=�)�1=2. The turbulene was desribed as two-dimensional, inthe sense that all quantities vary slowly in the diretion parallel to B ompared withtheir variation perpendiular to B. Sommeria and Moreau were onerned with therate of elongation of a turbulent struture in the diretion of the B-lines. If theow is treated as invisid and the advetion of momentum is ignored (N � 1), theequation of motion takes the following simpli�ed form:�u�t = �1�rp� � 1�r�2��2u�z2 �; (3)where p� is obtained by adding the irrotational part of the Lorentz fore to theuid pressure, and r�2 is the inverse of the Laplaian operator. As the strutureelongates, the gradient in the z-diretion beomes small in omparison with that inthe other two diretions, so that, from equation (3), the vortiity transport equationan be written in the following approximate form:�!�t � l2?� ��2!�z2 �; (4)where l? is the transverse length sale. In the above equation, l2?=� is a pseudo-di�usivity of vortiity along the magneti �eld lines. The length sale parallel to the�eld, lk, then evolves at a rate lk = l?(t=�)1=2: (5)From the above relation, Sommeria & Moreau went on to suggest that, during thetypial turn-over time, l=u, of a turbulent struture subjet to a magneti �eld, ananisotropi state is attained whereinlk=l? � N1=2; (6)5



if l?N1=2 is smaller than the spaing of the walls perpendiular to the applied �eld.Davidson (1995) used a result in lassial eletromagnetism to show that, if a owstruture evolves in a volume that is either in�nite in extent or else bounded byan eletrially-insulating surfae, the Lorentz fore annot a�et the omponent ofangular momentum parallel to B, Hk. If l? is assumed to be una�eted by the �eldduring the initial phase of evolution, the ondition of onstant Hk an be oupledwith the energy equation to give the laws of evolution of energy and the parallellength sale obtained by Mo�att and Sommeria & Moreau.During the deay of a vortex in the linear phase, the urrent density falls steadily.Intuitively, the Lorentz fores should weaken as time progresses, and a phase wherethe non-linear inertial fores are also important should ensue. An order-of-magnitudeanalysis performed by the authors (Sreenivasan and Alboussi�ere, 2000) explores thedeay of a ow struture in a magneti �eld, after the initial linear phase has elapsed.This model is elaborated further in x2, sine the results are entral to our disussionin this paper.The theories put forward for the deay of kineti energy of an MHD ow �eld inthe so-alled linear phase await experimental validation. It is also interesting tostudy experimentally the transition to non-linearity of a three-dimensional ow inthe linear phase, and the dependene of this transition on the initial interation pa-rameter. Also, if the ow is on�ned by boundaries normal to the external magneti�eld, it would beome two-dimensional at some point of time, and this time sale isagain determined by the value of N0. All the above fators have provided motiva-tion for a new experimental study aimed at investigating the long-time evolution ofa three-dimensional MHD ow �eld in a steady magneti �eld, at large N0. Sinevorties are the buidling bloks of any turbulent ow, the study of an isolated owstruture in a magneti �eld an be expeted to provide a good physial insight intothe behaviour of MHD turbulene. From a pratial point of view, the study ofa vortex o�ers some advantages. First, the generated vortex remains at the same6



loation, enabling ontinuous measurement of veloity at a point during its evolu-tion. Seondly, there are no magneti �eld entry e�ets or �eld gradients aross thediameter of one vortex. Finally, it is easier to realize interation parameters greaterthan unity in a loaboratory with a single vortex, even with a small test setion anda magneti �eld of magneti ux density are not large.This paper is organized as follows. In x2, we review the results of the order-of-magnitude study performed by the authors (Sreenivasan and Alboussi�ere, 2000) onthe non-linear evolution of a vortex in a magneti �eld. x3 desribes the experi-mental set-up and the measurement sheme used for studying isolated vorties in amagneti �eld. In x4, we present the experimental results obtained for a range ofinteration parameters and interpret them. In onlusion, we highlight the prinipalaomplishments of this work and disuss the impliation of our results in the largerontext of MHD turbulene.2 Non-linear deay of a vortex: the governing equationsAs mentioned in the previous setion, the initial linear evolution of a liquid metalMHD ow �eld when N >> 1 has been studied theoretially. However, as a owstruture elongates in the diretion of the applied �eld, the eletri urrent densityin the ore of the ow falls beause urrents are fored to travel along longer paths.This is also seen from the url of Ohm's lawurl j = � url (u�B) = � (B � r)u; (7)for a spatially-uniform magneti �eld. In e�et, the Lorentz fores, given by j�B,derease, and at one stage, they balane the non-linear inertial fores. The evolu-tion is \non-linear" thereafter. In spetral terms, the linear phase onsists of strongJoule dissipation ouring in a one whose axis is the wave vetor parallel to themagneti �eld diretion, kk. Sine the energy ontained in the wave vetors perpen-diular to the magneti �eld remains una�eted during this phase, the orresponding7



perpendiular length sale, l?, an be taken to be approximately invariant. In thenon-linear phase, one would expet a transfer of energy from the neighbourhood ofthe wave vetor k? into the dissipative one region. Intuitively, the assumption ofonstant l? in physial spae does not hold good in this phase.It has been proposed by the authors (Sreenivasan and Alboussi�ere, 2000) that, duringnon-linear evolution, the atual ratio of the Lorentz to the inertial fores, alled thetrue interation parameter, Nt, is a onstant of order unity. The idea essentially isthat, under a steady magneti �eld, the equilibrium between the Lorentz and theinertial fores is preserved. If this argument is used in onjuntion with the prinipleof onservation of the parallel omponent of the angular momentum (Davidson,1995) and the kineti energy equation, the non-linear vortex evolution an be fullydesribed. The global angular momentum is de�ned asH = �ZV x� u dV: (8)The density, �, being onstant and uniform, the onservation of the omponent ofangular momentum parallel to the magneti �eld, Hk, an be written as follows:E1=2 l2?l1=2k = onst.; (9)where E is the global kineti energy of the vortex (� RV u2dV ). The kineti energyequation and the ondition of Nt being of order unity are respetively,dEdt � �E� � l?lk �2; (10)Nt = N� l?lk �2 � 1; (11)The right hand side of the energy equation (10) represents Joule dissipation, and isobtained by estimating the urrent density from Ohm's law. An order-of-magnitudestudy of the energy deay of the vortex shows that visous damping is negligible inomparison with ohmi damping, and ould been dropped in the analysis. The trueinteration parameter is expressed in the form given in relation (11) by estimating theatual magnitudes of the Lorentz and the inertial fores. Solution of the equations8



(9), (10) and (11) gives the following laws for deay of energy and growth of lengthsales, at large times (t >> �):E � (t=�)�1; lk=l0 � (t=�)3=5; l?=l0 � (t=�)1=10: (12)From the above estimates, one an obtain the following non-linear deay law for theensemble average of the square of the vortex veloity, u2, whih is typially measuredin a laboratory experiment: u2 � E=l2? lk � (t=�)�9=5: (13)From the expression for the true interation parameter (11), it an be readily shownthat Nt � N0(t=�)�1=2; (14)Hene, Nt atually dereases with time during the linear phase, and when t � N20 � ,the evolution enters the non-linear regime. This model provides the laws of evolutionof a vortex in both the linear and non-linear regimes.Mo�att (1967) had initially proposed that the haraterisit duration of the lineardeay phase of MHD turbulene is N0� , or simply, the turn-over time. It wasAlemany et al. who put forward a more preise estimate of the duration of thisphase. By equating the time sales for ohmi dissipation of the eddies and thetime taken for non-linear transfer of energy into the dissipative one region (inFourier spae), they had obtained the estimate t � N4=30 � . However, for an isolatedvortex, we have found that the linear phase lasts until t � N20 � . A diret order-of-magnitude alulation similar to that in relation (14) an also be performed forMHD turbulene, by noting that the kineti energy per unit mass, given by themean square value of the veloity, u2, follows the (t=�)�1=2 law. The estimate ofAlemany et al. follows.In the next two setions, we present the details of an experiment to observe thedeay of a single vortex. 9



3 Experimental set-up3.1 Test failityA new experimental test faility was set up to study the long-time evolution ofvorties in a liquid metal subjet to a uniform magneti �eld. The set-up essentiallyonsists of (i) a water-ooled eletromagnet powered by a 32 kW DC power supplyunit, to supply the desired magneti �eld up to a maximum of 1 Tesla, (ii) a urrentpulser to generate vorties in the liquid metal subjet to this magneti �eld, (iii)potential probes for veloity measurement and (iv) a high-speed automated data-aquisition system to apture the transient deay phase. The ux density is uniformwithin 4 % over a length of 200 mm, a breadth of 100 mm and a depth of 100 mmin the air gap of the magnet. The test setion, of inside dimension 200 � 80 � 80mm, and made of insulating Plexiglas (�gure 2), is loated entrally between thepole piees of the magnet. The box ontains merury of purity 99:99% by weight(density, � = 13:55 � 103 kg m�3, eletrial ondutivity, � = 1:04 � 106 
�1m�1).Though the unit is sealed at the top and bottom with O-rings, pure argon is bledover the free surfae of the merury at periodi intervals, to prevent oxidation andsubsequent loss of eletrial ontat.The study of the deay of a vortex in a box with eletrially-insulating boundariesis probably the losest real life simulation of a vortex evolving freely in an in�nitedomain. The presene of onduting walls normal to the magneti �eld lines wouldmean that there is no gradient of potential at the wall to balane u�B, and thesigni�ant urrent density auses rapid ohmi damping of the ow; see Platnieksand Freiberg (1971). More formally, if there is a net ux of eletri urrent arossthe boundaries of the domain, the angular momentum of a vortex is not onserved,and the theoretial deay laws would no longer be valid (Davidson, 1995).
10



3.2 Vortex generation mehanismSeveral stainless steel eletrodes of diameter 1 mm are loated ush with the polishedinside surfae of one of the walls of the test setion to generate isolated vorties.Vorties are reated in the quiesent liquid metal by pulsing an eletri urrent froma entral positive eletrode to four surrounding negative eletrodes. Figure 3 showsthe front view and plan of one set of eletrodes used for the purpose. The powersoure of the urrent pulser onsists of 12, 2:5 Ampere-hour, rehargeable lead-aidells. The unit is apable of supplying a maximum of 100 A, at 24 V, for a maximumduration of 100 milliseond. The pulse width is ontrolled by a monostable, and theurrent passing through the merury is monitored aross an external resistor thatprodues a potential drop of 20 mV=A aross it. The injeted urrent interatswith the magneti �eld, B, to give rise to a loalised swirl motion within the regionof injetion. The aeleration of the liquid, due to the Lorentz fores ating on itduring injetion of eletri urrent is given by�u�t = (j�B)=�; (15)and hene, the harateristi swirl veloity generated in the liquid an be estimatedby integrating the above equation: u� � tpIB� l2 ; (16)where tp is the urrent pulse-width in seond, I is the injeted urrent in Ampereand l is the eletrode spaing in metre. The duration of the urrent pulse, tp, ishosen so as to be generally smaller than the Joule time. This ensures that thevortex generation phase does not inuene the deay phase of the vortex i.e. thegenerated vortex is not elongated in the diretion of the �eld prior to measurementof its deay. Thus, a evolution of a freely-deaying vortex an be studied. For amagneti �eld of 0:5 T ating on merury, the Joule time is about 50 milliseond,and a urrent pulse duration of 10 milliseond would be appropriate. However, toosmall a pulse width annot be hosen beause the ratio of the harateristi di�usion11



time of the magneti �eld to the period of the pulse, alled the shielding parameter(Moreau, 1990), would be large ompared to unity. In suh a ase, the penetrationof the injeted eletri urrent (and the orresponding magneti �eld perturbations)on a time sale of tp would be on�ned to a thin layer adjaent to the wall. As aonsequene, the generated vortex would be at, and not spherial.For a harateristi length sale of 0:01 m, and a pulse width of 10 milliseond, theshielding parameter is R! = ��!pl2 = 0:013 (� 1); (17)where !p = 1=tp. The depth of penetration into the liquid metal during this pulseduration is Lp � (tp=��)1=2 = 0:09m: (18)Thus, the problem of limited penetration, the so-alled the skin e�et does not ourin our experiments.The tehnique of using eletri urrents to generate vorties in an eletrially-onduting uid is not new; see Sommeria (1988); Tabeling et al. (1991). Theexperiments reported in this paper are di�erent from those performed earlier bySommeria (1988) and Alboussi�ere et al. (1999) | the initial size of a vortex beingtypially 10 mm, the spaing between the walls normal to the magneti �eld is 80mm. We are primarily onerned with the transition from a fully three-dimensionalstate to an anisotropi, and then a �nal two-dimensional state, wherein the parallellength sale of the struture is of the order of the width of the avity. At reasonablylarge Hartmann numbers, one expets the Joule dissipation due to indued urrentsin the ore of the ow to play a major role in damping of the vortex, and Hartmannfrition to be signi�ant only when two-dimensionality in the sense desribed abovehas been reahed (see Appendix A.2 for a detailed development).
12



3.3 Instrumentation and data-loggingIf the measured potential di�erene is of the order of mirovolts, thermoeletrivoltages arising from the use of dissimilar metals an orrupt the signal. Plat-inum is ideally suited for potential measurements in merury beause the absolutethermoeletri powers (in �V=ÆC) of both metals are approximately equal at roomtemperature. The tips of the probes were leaned with methanol and then sputteredwith a layer of gold a few nanometres thik. As gold omes into ontat with mer-ury, it dissolves, exposing the platinum surfae underneath. Measurement probesare loated in the region of vortex formation as shown in �gure 3, and spaed 2:5mm apart. The potential di�erene between probes a and b, and that between band , should give estimates for two omponents of the veloity. These probes alsoprovide information on the veloity orrelation between the opposite walls. If theveloity orrelation oeÆient measured from probes aligned with the magneti �eldlines and loated on opposite walls rises steeply to unity, we an say that the owstruture has felt the presene of the boundaries of the domain, and has beomenearly two-dimensional.In addition to the above stati probes, a set of axially-movable internal potentialprobes were provided with the intention of measuring the veloity orrelation be-tween di�erent points in the ore of the ow, aligned with the magneti �eld lines(see �gure 2). These data ould possibly provide information on the growing lengthsale of the vortex, and thus, the degree of anisotropy.The potential di�erene measured by two probes is fed as a di�erential input to alow-noise instrumentation ampli�er of gain 1000, and the output wires are taken astwisted, shielded pairs to the data aquisition system. Data is aquired by a 16-bitresolution, PCI-series ard apable of sampling at 105 samples per seond over 32di�erential-input hannels. One of the digital I/O lines of the ard was on�guredto drive the urrent pulser unit. The entire proess of urrent injetion and aquisi-tion was programmed using the software LabVIEW. One realization omprises the13



following events: (a) measurement of o�sets in every hannel (so that variationswith time, if any, an be taken are of), (b) injetion of a single urrent pulse andsimultaneous aquisition of the voltage signals at the rate of at least a 1000 samplesper seond, for a period of 2 seonds and () a time delay of 60 seonds to enablethe liquid to beome quiesent before the next realization.4 Experimental resultsThe fous of the experimental study is on understanding the inuene of the initialinteration parameter, or the relative magnitudes of the Lorentz and the inertialfores, on the evolution pattern. If both the linear and non-linear phases of deayare to be aptured in one experiment, one should aim to ahieve an interationparameter suÆiently greater than unity. It should also be possible to suitablyredue the value of N0 to identify the ase when the two fores are of the sameorder of magnitude from the beginning of an experiment. From the estimate of theinitial swirl veloity of the vortex given by equation (16), the following estimate ofthe initial interation parameter an be obtained:N0 = �B2l�u� � �Bl3tpI ; (19)where l, I and tp have notations as in relation (16). Based on the value of N0 desired,suitable values of B and tp an be hosen (the latter has to be shorter than the Jouletime). This gives the intensity of urrent I to be used. For example, the ase N0 = 3an be realized with a ux density of 0:6 T, a pulse width of 10 milliseond and aurrent of 20 A. The orresponding veloity alulated from the estimate (16) is0:09ms�1. The data obtained for these initial onditions are studied �rst.4.1 Aquired dataFigure 4 shows the data in millivolt reorded by the probe pair a�b in one realization,after digital low-pass �ltering of the raw data at 30 Hz. This ut-o� ensures removal14



of 50 Hz and high-frequeny noise that otherwise orrupts our low-frequeny (1{20Hz) signal. The time axis in the �gure is normalized with respet to the Joule time.In �gures 5 and 6, the sum of the squares of the two potentials measured at thewall of injetion (that orrespond to two omponents of the veloity) is ensemble-averaged. The square of the potential averaged over 5, 10 and 20 realizations of theow, is shown for N0 = 3. The ranges 2 < t=� < 10 and 10 < t=� < 60 are shownseparately in two �gures for larity. The y-axis is normalized with respet to theensemble average of the value at t = � , (��)20. This \referene" value, used in allsubsequent graphs, orresponds to the potential di�erene measured immediatelyafter the urrent-injetion phase, and does not represent u20 aurately. In fat, theinitial veloity of the vortex annot be dedued from potential measurements owingto the signi�ant eletri urrents present in the ore of the ow. In the �rst phase,the urves are almost similar, haraterised by osillations. These osillations anpossibly be the signature of an initial non-axisymmetry of the vortex, beause thereare only four outer eletrodes to reeive the injeted urrent. With a irular ringof eletrodes surrounding the entral one, better axisymmetry is possible, and theutuations observed in the urve may disappear. The evolution in the initial phaseis deterministi, sine the above behaviour of the urve is reprodued irrespetiveof the number of realizations taken. The study of any one realization of the owwould suÆe to understand the typial evolution of the vortex in this regime. In theseond range, the behaviour is haoti, and hanges with the number of realizationsonsidered. The urve orresponding to 5 realizations has more utuations in it, andshows a steeper slope. Though the urves orresponding to 10 and 20 realizations arenearly idential, the one obtained with 20 realizations is smoother. The amplitudeof the random utuations superposed on the mean signal is redued by averaging.In the results presented in x4.3, average over 20 realizations is onsidered. Beforeproeeding with a quantitative study of the averaged data in the two regimes ofevolution and their omparisons with theory, a note on the estimation of veloitiesfrom wall-potential measurements is appropriate.15



4.2 (r�) as a measure of uResearhers in the past (Branover et al., 1970a,b; Kit, 1970) have used potentialprobes for measurement of turbulene intensities in merury ontained in a ret-angular dut, subjet to a transverse magneti �eld. Knowing that the magneti�eld suppresses veloity gradients in its diretion, they have assumed that the ur-rent density in the ore of the ow is small, so that r� balanes u�B. Platnieks(1971), in a omparative study of hot-wire anemometri and potential measurementsof turbulene intensities in liquid metals, reported good agreement between resultsobtained by the two methods for Ha > 50, where Ha was based on the width of thehannel under onsideration.The probes loated on the wall of the test setion are expeted to give informationon two omponents (x and y) of the veloity in a plane transverse to the magneti�eld, B. Sine uz is in the diretion of B, Ohm's law preludes its measurement.If any probes aligned with the magneti �eld were loated in the ore of the ow,they would measure only the urrent jz. For an axisymmetri, swirling vortex,there is no potential variation in the �-diretion. Thus, the measurement of ur fromirumferential measurements of (r�) is also ruled out. The only omponent ofveloity that an be measured is u�. The rate of deay of E� being nearly identialto that of the total energy, E even for a fully non-linear evolution (Sreenivasan,2000), the measurement of u� alone should be adequate to understand the evolutionof the total mean square veloity, u2. Probes a� b lie exatly along a radius, hene,they are ideal for the measurement of u� (see �gure 3). Ohm's law, in the formgiven by equation (7), gives an estimate of the \parallel" omponent of the eletriurrent as jk � �Bu� l?lk �; (20)and by the ondition of urrent onservation, the radial omponent of the urrent isestimated by jr � ��B u� ( l?lk )2: (21)16



Now, the radial omponent of Ohm's law an be written as��B u� ( l?lk )2 � �h�(r�)r + u�Bi; or(r�)r � u� Bh1 + ( l?lk )2i: (22)When t = 5� , (lk=l?) � 2, so the veloity is estimated with an error of 20%. Whenthe ow struture has propagated over half the width of the test ell (lk � 40 mm),the error is of order 1=16. The potential measurement thus gives a fairly goodestimate of the veloity after the �rst few Joule times. The results shown in x4.3are based on the potentials measured at the two walls of the test setion, but inthe light of the above disussion, we take the liberty of expressing the potentials interms of the respetive veloities, so as to give a better physial feel for the reader.Another approximation ommonly assoiated with wall-potential measurements isthat the jump in potential aross the Hartmann layer is negligible, so that thedistribution of eletri potential in the ore region and the Hartmann walls is nearlyidential (see, for example, Burr et al. (2000)). Though this assumption may wellbe true, an order-of-magnitude analysis should verify this. The urrent onservationondition for the Hartmann layer an be integrated over the thikness of the layer,Æ (� 1=Ha) to give jk = � LHa �j?�l? ; (23)where L is the spaing between walls. Now, sine the parallel omponent of theurrent is diretly obtained from the parallel gradient of potential i.e.jk = ������z �Ha; (24)the potential di�erene aross the Hartmann layer is essentially(��)Ha � 1� L2Ha2 j?l? : (25)j? annot be greater than �Bu, where u is the veloity in the ore of the ow. Thelatter an be taken as a onservative estimate of j?. Hene, the ratio of the potential17



drop aross the Hartmann layer to that measured at the wall between probes a andb in �gure 3 an be written as follows:(��)Ha(��)ab � ( LHa)2 1Æabl? ; (26)where Æab is the potential probe spaing at the wall. In the present experiment,L = 80 mm, l? � 10 mm and Æab = 2:5 mm. Even for a magneti �eld of 0:1 T, theabove ratio is of order 10�2. For the range of magneti �elds onsidered in this study(0:4 � 0:9 T), the gradient in potential aross the Hartmann layer will ertainly besmall.4.3 E�et of N0 on vortex evolutionThe deay phase of a vortex at N0 = 3, when studied in isolation (see �gure 7),reveals the interesting trend of two di�erent rates of derease of u2 { one, a deayrate of (t=�)�1 in the range 3� < t < 10� , and two, a rate of (t=�)�9=5 until t � 30� .The former phase orresponds to the \linear" evolution desribed in x1, beause adeay of (t=�)�1=2 for the total energy, and a growth rate of (t=�)1=2 for the parallellength sale implies an evolution law of � (t=�)�1 for u2. The latter phase must benon-linear, beause the rate of deay is equal to the rate of deay of u2 predited inx2, equation (13). The experimental result departs from the theoretial preditionat small Joule times, sine the method of estimation of the veloity by potentialmeasurement fails due to the presene of signi�ant indued eletri urrents in theore of the ow. Also, the linear deay law E � (t=�)�1=2 is expeted to hold goodonly at times greater than � . The good agreement observed after t � 3� is a learindiation of the fat that the magnitude of the urrent density in the ore has fallento a value low enough to make r� of the same order as u�B.The predited law for the non-linear phase is not valid for t > 25� , beause furtherevolution is limited by the presene of the walls normal to the �eld. The attainmentof a `two-dimensional' state is evident from the rise of the veloity orrelation oef-�ient urve (shown on the right ordinate in �gure 7, in linear sale), whih ours18



nearly at the same time as the departure of the experimental urve of u2 from thetheoretial line. Figure 8 shows the results for N0 = 3, ahieved by generating ahigher initial veloity �eld, and imposing a suitably-higher magneti �eld. The trendis very similar to that observed in �gure 7. This result is signi�ant beause it tellsus that the evolution is dependent only on the value of N0.As N0 inreases, one an observe that both the linear and non-linear phases lastlonger (in terms of Joule times). The utuations observed in the signal at higher�eld strengths an be attributed to the noise generated by the power transformerbeing superposed on the signal. If the Lorentz fores are signi�antly larger thanthe non-linear inertial fores, the vortex should evolve for more number of Jouletimes before the fall of eletri urrent in the ore brings the two fores to a stateof equilibrium. Further, the rate of growth of the parallel length sale of the vortexis lower during the linear phase ompared to that in the non-linear phase, so thatthere is enough sope for elongation of the vortex in the non-linear phase until lkis equal to the transverse dimension of the avity (80 mm). For N0 = 7:7 (�gure11), the longest possible linear phase is obtained in the experiment (that lasts untilt � 50�). A two-dimensional state is attained when t � 70� . On the other hand,for N0 = 1 (see �gure 13), the evolution begins with the non-linear phase, and lastsonly for about 12 Joule times before the ow struture meets the opposite wall. Theabsene of the linear phase leads to the onlusion that the inertial and Lorentzfores are of the same order of magnitude initially. It may be noted that even forN0 = 1:4, there exists a linear phase preeding the non-linear evolution (�gure 12).Table 1 summarizes the initial onditions, the dimensionless groups and the ap-proximate values of the time sales measured in the experiments. Here, u0 is theestimated initial veloity, Re is the initial Reynolds number based on the vortex di-ameter, and ReHa is the Reynolds number based on the thikness of the Hartmannlayer. The subsript l refers to the end of the linear phase, and nl, the terminationof the non-linear phase enfored by the walls of the test setion.19



B, T � , s u0; ms�1 Re N0 (t=�)l tl, s (t=�)nl tnl, s Ha ReHa0.92 0.015 0.085 7460 7.7 50 0.77 70 1.08 1900 300.85 0.018 0.094 8250 5.9 25 0.45 50 0.90 1820 380.78 0.021 0.093 8160 5.0 20 0.43 40 0.86 1600 400.72 0.025 0.106 9300 3.7 17 0.43 35 0.88 1600 500.60 0.036 0.088 7720 3.0 10 0.36 25 0.94 1240 500.72 0.025 0.133 11,670 3.0 10 0.25 30 0.75 1490 630.50 0.052 0.133 11,670 1.4 10 0.52 18 0.94 1030 900.50 0.052 0.192 16,840 1.0 { { 12 0.624 1030 130Table 1: Summary of the approximate initial onditions, dimensionless parameters andmeasured time sales in the experiments.Figure 14 gives the dependene of the linear{non-linear transition times on the initialinteration parameter. The experimental data points are ompared with the urve(t=�)l = 0:8N20 . Though an N20 {law for the transition time looks plausible, transitiondata at higher values of N0 are needed to validate the theoretial predition.In all experiments (with the possible exeption of the ase N0 = 1), the orrelationoeÆient of the voltages measured at the opposite walls of the test setion risesto a value less than unity. This implies that, even if the swirl motion has di�usedas far as the other wall of the avity, the two potentials may not be equal. Earlierstudies on the two-dimensionality of MHD ows reported by Votsish and Kolesnikov(1975) and Branover (1978) have indiated that the orrelation oeÆients of theveloity utuations at two points aligned with the magneti �eld, but spaed apartnever beame equal to unity, even when the �eld was strong. However, at the endof our measured non-linear deay phase, we �nd that the veloity of the vortex hasfallen by one order of magnitude (u � 0:01m s�1). When the value of the potentialdi�erene approahes the limit of resolution (� 10�V), it is likely that the reordedorrelation oeÆients are prone to errors.20



4.4 Attempted experiments at low N0Experiments at interation parameters smaller than unity have not yielded onlu-sive results. A t�9=5 deay law has been found until t � 10� , when N0 = 0:9. Atlow N0, the evolution of a vortex is omplex. The turn-over time of the vortex issuÆiently smaller than the Joule time, so that the dominant inertial fores ausethe vortex to break down into a ring that propagates radially outward. On theother hand, angular momentum also di�uses along the �eld lines due to weak Jouledissipation. It is not lear whether, in our experiments, wall frition damps out theradial motion of the struture. An experiment at N0 = 0:7 gave a t�1:5 deay law forsquare of the veloity (�gure 15), whih annot be explained based on our model fornon-linear evolution. There is still a well-de�ned rise in the orrelation oeÆient.Experiments at smaller N0 are beset with further unertainties. If the magneti �eldis kept strong enough, the initial veloity must be high enough to keep N0 small.This results in a value of ReHa � 200, whih ould mean that the Hartmann layer isturbulent, and the dissipation rate there is higher; see, for example, Lingwood andAlboussi�ere (1999). All the experiments referred to in table 1 have been performedat ReHa � 130. Experiments at higher values of ReHa have not given onsistentdeay laws. For a weaker �eld (B = 0:3 T), it is not lear why onsistent results arenot obtained, though ReHa is small enough to give a sound result. A possible reasonould be the higher ontribution of Hartmann frition to the overall damping of thevortex; see Appendix A.2. As noted by the authors (Sreenivasan and Alboussi�ere,2000), the evolution of a vortex at low interation parameters is omplex. Theturn-over time of the vortex is suÆiently smaller than the Joule time, so that thedominant inertial fores ause the vortex to break down into a ring that propagatesradially outward. On the other hand, the weak Lorentz fores ause the angularmomentum to di�use along the �eld lines.The study of the growth of length sales using the internal side probes has beenunsuessful beause of the intrusive nature of the measurement system. It was21



hoped that, by positioning these probes outside the intense swirl region of the vortex,the orrelations of the veloity measured by them ould be studied. The voltagesmeasured were too low to give any onlusive result.5 DisussionIn this paper, we have desribed an experimental study that investigates the evolu-tion of a vortex in a liquid metal subjet to a uniform magneti �eld. The initialinteration parameter is varied to study how the relative magnitudes of the eletro-magneti and non-linear inertial fores a�et the deay of the vortex. The presentstudy is unique in two respets:1. The initial \linear" phase of deay of an MHD ow �eld at large N0, has beenobserved for the �rst time in a laboratory experiment. This regime, modelledtheoretially by Mo�att in 1967 and by subsequent researhers, an be obtainedin a MHD experiment only if the magneti �eld is suÆiently strong or theinitial veloity is suÆiently small, both of whih ontribute to a high value ofN0.2. It has been possible to demonstrate experimentally that, for large N0, thereexist two di�erent regimes of deay for a three-dimensional vortex evolvingin a large domain. This interesting behaviour was predited by Sreenivasanand Alboussi�ere, based on the de�nition of the true interation parameter,Nt. This dimensionless number dereases and tends to a onstant of order oneat the end of the linear phase, and remains invariant during the subsequentnon-linear evolution.As the initial interation parameter is lowered from a high value, the linear phase ofevolution gets shorter, and whenN0 = 1, it disappears totally. Though the de�nitionof N0 is based on an order of magnitude of the initial veloity estimated by the22



relation (16), the partiular result for the ase N0 = 1 shows that the alulatedvalue an be on�dently aepted as the atual value realized in the experiment.Though the method of estimating veloities by wall potential measurements is onlyapproximate unless the ow is fully two-dimensional, the experimental deay lawshave agreed fairly well with the order-of-magnitude estimates. This indiates that(a) exept for the �rst few Joule times, the urrent density in the ore of the ow anbe onsidered to be small, and (b) Hartmann layer dissipation of the ow is small inomparison with the ohmi dissipation in the ore, for the �eld strengths onsideredin the present study. From a theoretial point of view, our results are onsistentwith (a) the omponent of angular momentum along the axis of the vortex beingnearly onserved, (b) visous damping of the vortex being negligible in omparisonwith ohmi damping in both regimes of evolution and () the atual ratio of theLorentz to the non-linear inertial fores being approximately a onstant during thenon-linear phase. Of the above, the angular momentum appears to be a robustinvariant during the duration of an experiment (see Appendix A.1).The laws of deay of a vortex were derived assuming that the struture was freefrom the inuene of boundaries. It would be relatively diÆult to reate and studya swirling vortex in the ore of the test setion by non-intrusive means. The e�etof the wall on the initial evolution of the vortex is not well understood. If the goodagreement of the experimental results with the theoretial estimates for the tworegimes (u2 � (t=�)�1; � (t=�)�9=5) is any indiation, our initial assumption thatthe wall does not play a signi�ant role in the long-time evolution of the vortex(until a two-dimensional state is reahed) was well-founded.The use of potential measurements at the wall to study ore ow dynamis hasthe advantage that the system is non-intrusive, but veloities obtained are thosejust outside the Hartmann layer where the vortex is generated. At the propagatingfront of the vortex, the veloity will be lower. However, the rate of deay of u2 atevery setion follows the same laws, so that the \loal" measurements obtained near23



one wall do give a \global" piture of the evolution. An experimental study of thegrowth of the length sales, lk and l?, though diÆult to perform, should give amore omplete desription of the deay, espeially in the non-linear phase. In theabsene of these data, one needs to have reourse to the theoretial laws of evolutionof the length sales, and adopt the relation (13) for interpreting the experimentalresults.In priniple, N0 an be varied by adjusting the magneti ux density as well asthe initial swirl veloity of the vortex. However, we have found that a minimuminitial veloity of about 0:1m s�1, as estimated by the relation (16), needs to beensured so that the veloity is within measurable limits throughout the duration ofan experiment. Hene, higher values of N0(> 5) have been ahieved by inreasingthe magneti ux density, and not by reduing the the intensity of the pulsed ur-rent. The maximum value of N0 realized in this study (� 8) is thus limited by themaximum �eld strength. If suÆiently higher �elds an be imposed, a purely-linearevolution an be seen until two-dimensionality is reahed. Further, the range ofobservation of the power laws for the linear and non-linear phases is limited by themaximum magneti �eld available as well as the �nite size of the avity. A highermagneti �eld and a larger transverse dimension of the box should permit the studyof one deade of deay of the kineti energy in both phases. Despite the above phys-ial onstraints in the experiment, a lear transition from one regime to another anbe aptured during the vortex evolution, by hoosing a suitably-high value of theinitial interation parameter.It would be interesting to onsider the impliation of our results in the larger ontextof low Rm MHD turbulene. It is noteworthy that the t�1:7 deay law for the en-ergy, u2, obtained by Alemany et al. was for N0 � 1. In a grid-generated turbuleneexperiment like theirs, it would have been diÆult to ahieve high values of N0 be-ause of the modest magneti �eld strength and the small initial length sale. Hene,the regime observed by them was non-linear from the beginning. In the absene ofpublished experimental data on the long-time evolution of MHD turbulene at large24



N0, it is reasonable to suppose that energy is dissipated as (t=�)�1=2 during a linearphase � < t < N4=30 � , and then, as (t=�)�1:7 during the subsequent non-linear phase.A AppendixA.1 Deay of angular momentumWe have seen that onservation of the omponent of angular momentum parallel tothe external magneti �eld is an important ondition that governs the evolution of avortex in an in�nite domain. However, in our experiment, vorties are generated atone of the vertial walls of the test setion. As the ow struture elongates, visousshear at the wall where the struture is generated opposes the swirl motion andauses the angular momentum to deay in time. The magnitude of the shear stressis �H = ��uH�y = � ��y"u�1� e�� Ha�#= �ue�� Ha (Ha=L); (27)where uH is the veloity in the Hartmann layer, whih is known to vary exponen-tially along the o-ordinate parallel to the magneti �eld, y (Moreau, 1990). � isthe dimensionless length y=L, and Ha the Hartmann number. As � inreases, theveloity approahes the value in the ore, u. The shear stress at the wall (y = 0) is�H;0 = �u (Ha=L): (28)and the torque ating on the vortex due to shear at one wall is given byTH = ÆZr=0 �u H aL r 2�rdr � �uHaÆ3L ; (29)where Æ is the harateristi radius of the vortex. Now the angular momentum isde�ned by H = �ZV (x� u)dV = � ÆZr=0 u r 2�rdr L� � u Æ3 L ; (30)25



where � is the density of the liquid and L the maximum length sale attained bythe vortex. Sine dH=dt = �TH , the harateristi time for deay of H istH = L2� Ha � � ����1=2 LB ; (31)where B is the ux density. For a �eld strength of 0:5 Tesla ating on merury(� = 1:144�10�7m2s�1, � = 1:04�106 
�1m�1, � = 13:55�103kg m�3), ontainedin the hamber used in our experiments (where L = 80 mm), the above time sale isfound to be approximately 50 seonds. Sine this time sale is muh greater than thetypial duration of one experiment (� 1 seond), it an be stated with on�denethat the angular momentum of the vortex is nearly invariant during the measuredevolution.The time sale for deay of H is found to be equal to the time for the deay of turbu-lene due to Hartmann braking (Joule damping in the Hartmann layers) estimatedby Sommeria and Moreau (1982).A.2 Hartmann layer dissipation vs. ore dissipationThe energy deay of a vortex in a magneti �eld is modelled theoretially under theassumption that the domain is in�nite, or the eletrially-insulating boundaries aresituated far enough from the vortex, so that their inuene is not felt in the evolutionproess. Hene, the deay is solely due to Joule dissipation in the ore of the ow.In a real life experiment, the presene of boundaries normal to the magneti �eldgive rise to Hartmann layers where the veloity goes to zero at the walls. Visousand Joule dissipation in the Hartmann layers also ontribute to the destrution ofkineti energy. It is instrutive to evaluate the relative magnitudes of the ore andHartmann layer dissipation rates in the present experiment.The visous dissipation per unit volume in the Hartmann layer isDv = ���uH�y �2 = �B2 u2 e�2 � Ha: (32)Here, we have made use of the exponential solution for uH , whih goes to zero at the26



wall (y = 0) and tends to the ore veloity, u at large �. The Joule dissipation in theHartmann layer an be estimated from the urrent owing in the layer. Sine thegradient of potential remains pratially unhanged through the Hartmann layer,the urrent is given by the expressionsjH = �h�(r�)Ha + (u�B)Hai;jH = �"�uB + u�1� e�� Ha�B#;= ��B u e�� Ha: (33)The Joule dissipation per unit volume is then given byDj = j2=� = �B2 u2 e�2 � Ha: (34)The magnitudes of the visous and Joule dissipation rates in the Hartmann layerare equal. The total dissipation per unit mass an be estimated asDH � 2 �B2� u2 1Zy=0 e�2 � yL Ha Æ2 dy� u2 Æ2 L� Ha ; (35)where Æ is the radius of the eddy.The dissipation in the ore of the ow, as estimated in (10), isD � �E� � l?lk �2 � �u2 Æ2 lk� Æ2l2k : (36)The ratio of the Hartmann dissipation to the ore dissipation of a vortex will beDHD = 1Ha lk LÆ2 : (37)For a given magneti �eld, Hartmann dissipation will be the most signi�ant whenthe parallel length sale of the eddy attains the size of the avity (lk � L). If the eddyis fully two-dimensional, Hartmann layers at both walls ontribute to the dampingof the vortex, but the urrent in the ore of the ow would have dropped to zero.For a �eld strength of 0:5 T ating on a struture of radius 5 mm and length nearly27



40 mm in merury, the above ratio will be 0.12. Lower the �eld strength, larger theontribution of Hartmann dissipation to the overall damping. For a �eld strength of0:1 T, the Hartmann dissipation an aount for up to 40% of the total dissipationor more depending on the size of the vortex. To ensure that the measured deayof kineti energy is a true representation of the dissipation in the ore, the appliedmagneti �eld should be reasonably high, so that the ratio (37) is small.AknowledgementsBinod Sreenivasan's work was supported by a Cambridge Nehru{Chevening shol-arship and a Junior Researh Fellowship from Hughes Hall, Cambridge.
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Figure aptionsFigure 1. Evolution of a spherial vortex whose axis is parallel to an external �eld,at large N0. The vortex elongates into a olumnar struture. lk and l? are thetypial longitudinal and transverse dimensions of the vortex. t2 > t1 > 0:Figure 2. The experimental ell showing 1: Plexiglas test setion. 2: Plexiglasbase. 3: O-ring seal. 4: Hollow stainless steel shaft. 5: Side potential probes.6: Expansion hamber. 7: Argon irulation port. 8: Eletrode array for urrentinjetion and wall-potential probes.Figure 3. Diretion of the injeted urrent from the entral eletrode to the surround-ing eletrodes, and the resultant veloity generated in the merury. The loation ofthe potential probes is also shown.Figure 4. Data (in mV) reorded during one realization, after low-pass digital �lter-ing, for N0 = 3. The initial spike orresponds to the urrent injetion.Figure 5. Mean square value of the measured potential di�erene, normalized withrespet to the value at t = � , and magni�ed in the range 2 < t=� < 10. Averagingover 5, 10 and 20 realizations gives nearly the same result, indiating a \determin-isti" behaviour.Figure 6. Mean square value of the measured potential di�erene, normalized withrespet to the value at t = � , and magni�ed in the range 10 < t=� < 60. The �rsturve from bottom is the one obtained for 5 realizations. The urve obtained fromaveraging over 20 realizations has the lowest amplitude of utuations.Figure 7. (a) Mean square veloity of a vortex as a funtion of time, for N0 = 3, andthe orresponding veloity orrelation oeÆients shown superposed. u1and u2 arethe veloities measured on opposite walls normal to the external �eld, at points thatlie along the �eld lines. They are derived from the respetive potential di�erenes.The magneti �eld, B = 0:6T . 32



Figure 8. Mean square veloity of a vortex as a funtion of time, for N0 = 3, andthe orresponding veloity orrelation oeÆients. B = 0:72T .Figure 9. Mean square veloity, for N0 = 3:7, and the orresponding orrelationoeÆients. B = 0:72 T.Figure 10. Mean square veloity of a vortex, for N0 = 6, and the orrespondingveloity orrelation oeÆients. B = 0:88T .Figure 11. Mean square veloity of a vortex, for N0 = 7:7, and the orrespondingveloity orrelation oeÆients. B = 0:92T .Figure 12. Mean square veloity of a vortex as a funtion of time, for N0 = 1:4, andthe orresponding veloity orrelation oeÆients. B = 0:50T .Figure 13. Mean square veloity of a vortex, for N0 = 1:0, and the orrespondingveloity orrelation oeÆients. B = 0:50T . The absene of the linear phase maybe noted.Figure 14. Variation of the linear{non-linear transition time with N0, in logarithmio-ordinates. The experimental data points are shown by the symbol �, and thesolid line is the urve (t=�)l = 0:8N20 .Figure 15. Mean square veloity for N0 = 0:7, and the orresponding orrelationoeÆients. B = 0:42 T.
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Figure 1: Evolution of a spherial vortex whose axis is parallel to an external �eld, at largeN0. The vortex elongates into a olumnar struture. lk and l? are the typial longitudinaland transverse dimensions of the vortex. t2 > t1 > 0:
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Figure 2: The experimental ell showing 1: Plexiglas test setion. 2: Plexiglas base.3: O-ring seal. 4: Hollow stainless steel shaft. 5: Side potential probes. 6: Expansionhamber. 7: Argon irulation port. 8: Eletrode array for urrent injetion and wall-potential probes.
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Figure 3: Diretion of the injeted urrent from the entral eletrode to the surroundingeletrodes, and the resultant veloity generated in the merury. The loation of the potentialprobes is also shown.
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Figure 4: Data (in mV) reorded during one realization, after low-pass digital �ltering, forN0 = 3. The initial spike orresponds to the urrent injetion.
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Figure 5: Mean square value of the measured potential di�erene, normalized with respetto the value at t = � , and magni�ed in the range 2 < t=� < 10. Averaging over 5, 10 and20 realizations gives nearly the same result, indiating a \deterministi" behaviour.
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Figure 6: Mean square value of the measured potential di�erene, normalized with respetto the value at t = � , and magni�ed in the range 10 < t=� < 60. The �rst urve frombottom is the one obtained for 5 realizations. The urve obtained from averaging over 20realizations has the lowest amplitude of utuations.
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Figure 7: (a) Mean square veloity of a vortex as a funtion of time, for N0 = 3, and (bthe orresponding veloity orrelation oeÆients. u1and u2 are the veloities measured onopposite walls normal to the external �eld, at points that lie along the �eld lines. They arederived from the respetive potential di�erenes. The magneti �eld, B = 0:6T .
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Figure 8: Mean square veloity of a vortex as a funtion of time, for N0 = 3, and theorresponding veloity orrelation oeÆients. B = 0:72T .41
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Figure 9: Mean square veloity, forN0 = 3:7, and the orresponding orrelation oeÆients.B = 0:72 T.
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Figure 10: Mean square veloity of a vortex, for N0 = 6, and the orresponding veloityorrelation oeÆients. B = 0:88T .
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Figure 11: Mean square veloity of a vortex, for N0 = 7:7, and the orresponding veloityorrelation oeÆients. B = 0:92T . 44
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Figure 12: Mean square veloity of a vortex as a funtion of time, for N0 = 1:4, and theorresponding veloity orrelation oeÆients. B = 0:50T .
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Figure 13: Mean square veloity of a vortex, for N0 = 1:0, and the orresponding veloityorrelation oeÆients. B = 0:50T . The absene of the linear phase may be noted.
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Figure 14: Variation of the linear{non-linear transition time with N0, in logarithmi o-ordinates. The experimental data points are shown by the symbol �, and the solid line isthe urve (t=�)l = 0:8N20 .
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Figure 15: Mean square veloity for N0 = 0:7, and the orresponding orrelation oeÆ-ients. B = 0:42 T.
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