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S. Fauve’, P. Odier?, J.-F. Pinton®

ISPEC, CEA/SACLAY, 91191 Gif-sur-Yvette Cedex,
2ENS Lyon, 46 allée d’ltalie, 69364 Lyon
YENS, 25 rue Lhomond, 75005 Paris

Abstract. The purpose of the “Von Karman Sodium” (V. K.S.) experiment is to study the
“Dynamo Effect”, namely the spontaneous generation of magnetic field in a flow of electrically
conducting fluid. The device has been built at CEA / Cadarache, in collaboration with CEA /
Saclay, Ecole Normale Supérieure de Lyon and Ecole Normale Supérieure de Paris. It consists
of a cylindrical vessel, filled with liquid Sodium, in which two coaxial rotating disks induce a
Von-Karman type flow. Several experimental runs have taken place since June 2000. In order to
optimize the V.K.S. set-up, a half-scale water prototype has also been bullt. It has allowed us to
measure mean velocity profiles, as well as pressure fluctuations and mechanical power dissipa-
tion. We have observed that under certain circumstances the mean component of the turbulent
flow can undergo a global bifurcation.

INTRODUCTION

The generic term “Von Karman tlows” designates the class of flows induced by the
rotation of two coaxial impellers located at both ends of a cylindrical vessel. These
flows have been studied in the past both experimentally[6,7,9] and numerically. They
are supposed to be good candidates for the realization of an experimental homogene-
ous fluid dynamo. In particular, kinematic dynamo simulations in a sphere[2] and di-
rect numerical simulations of the Taylor-Green geometry[3] have shown that these
flows can lead to self-excitation for accessible values of the magnetic Reynolds num-
ber R, = uoLV .

The “Von Karman Sodium” (V.K.S.) experiment uses liquid sodium as a working
fluid in a cylindrical vessel with diameter 40 cm. Two co-axial counter-rotating im-
pellers driven by two 75 kW motors generate the flow. The magnetic Prandtl number
of liquid metals being extremely small (P, =uov =10~), one can expect any flow of
liquid metal having a strong magnetic Reynolds number to also have a very large ki-
netic Reynolds number. In order to characterize the flow, extensive preliminary stud-
ies have been performed on a half-scale water prototype. Mean velocity profiles have
been obtained and introduced in kinematic dynamo simulations of the induction
equation[4,5]. In the following, we present torque and pressure fluctuation measure-



ments obtained in the water experiment. We have observed in particular a global bi-
furcation of the tlow topology in experimental conditions where the integral kinetic
Reynolds number is of the order of 10°.

WATER EXPERIMENTS

Experimental Setup
Y\+

FIGURE 1. Sketch of a) the Von Karman Apparatus b) the impellers. When the motor rotation rates
are set to positive values, the impellers are rotated counter-clockwise.

a) b)

The experimental setup is shown in figure |. It consists of a cylindrical container,
whose radius and height are R; = 100 mm, H.=200 mm. Four 10 mm high baffles can
be mounted on the cylinder wall, parallel to the axis. The impellers, located at the
ends, consist of 185 mm diameter plates, each fitted with 16 blades. Eight of the
blades stop at r=30 mm from the plate center, whtle the others stop at r=10 mm. All
the blades have a 50 mm curvature radius. A central hole, 15 mm in diameter, allows
for securing to the motor shaft. Blades 10 mm high and 20 mm high have been used.
The distance between the plates has been kept equal to Hq = 180 mm. The impellers
are driven by two 2 kW ac motors. The angular velocities can be varied independently
between —25 Hz and 25 Hz. The variable frequency drives are used to monitor torque
and angular velocity values. A Kistler 6031 acceleration-compensated piezoelectric
pressure sensor, mounted in the mid-plane of the apparatus, measures the fluctuations
of the dynamical pressure. The signal 1s low-pass filtered at 1 kHz, then recorded at a
sampling rate of 3 kHz on a PC, using a Data Translation DT3001 board.

Torque Measurements

Dimensional analysis indicates that the torque exerted by the fluid on the impellers
can scale either as T « pL'vQ or, in the limit of very large kinetic Reynolds numbers,
as T e pL’Q*. In these expressions, p =1000kg-m~ is the density of the fluid,
v=10"°m?® s is its kinematic viscosity, L=R, =0.Im is a typical length-scale of



the flow, and € is a typical frequency of the flow, which we have chosen to be equal
to (7 +Q,%)"*. Using QR, as a typical value of the velocity, one can define the inte-
gral kinetic Reynolds number as R,=Q/?/v . Even for a moderate rotation rate of 2
Hz, this yields a value of R, well in excess of 10°. Figure 2 shows a typical example
of the variation of the torque exerted by motor 1 with €. One observes a very good
agreement with the T o pI’Q? scaling. This has prompted us to study the dimension-
less coefficients C, =7,/ pL’Q* and C, =7, /pL’Q’ rather than the actual torques ex-
erted by the motors, T, and T, .
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FIGURE 2. Variation of the torque exerted by the motor on the fluid, as a function of
Q=(_Q|2 +Q27)”3, Here both impellers were rotated in the counter-clockwise (positive) direction, at the
same rotation rate. The solid line represents the best fit obtained for a function with shape o + Q. The
value of the exponent, 1.94, is in good agreement with the expected value of 2. Friction torque in the
bearings and sealings accounts for the 0.25 N.m offset. This value will be substracted from the torque
data in all the subsequent graphs.

On Figure 3, we have represented the values of C, and C,, as a function of the
polar coordinate angle 6 such that (Q2,,Q,)=(f2cos(8),Qsin(8)). The torque ex-
erted by a motor is counted positive if its natural effect would be to rotate the impeller
in the positive direction.

A striking feature of the graphs of figure 3 is the good collapse on a single curve of
values obtained at very different values of €, in the range 4 Hz to 30 Hz. This proves
that the scaling shown on figure 2, which was obtained in the case 2, =€, , is indeed
quite general. Another interesting point is that, while changing the blade height only
seems to introduce a (non-trivial) scaling factor in the y-direction, mounting the baf-
fles in the vessel changes vastly the shape of the curves. One can actually see that in
the range of angles included between 160° and 225°, mounting the baffles reduces the
mechanical power dissipated by the flow. A common feature of all the curves is that
the strongest torque values are measured when both impellers are rotated in the nega-
tive direction. A last point that we find noteworthy is that on figures 3a, 3b and to
some extent 3d, the two curves do not intersect at 8 =225°. This means that, though
the two motors operate at the same speed, the torque they exert on the fluid is signifi-
cantly different. This has prompted us to perform further measurements in that region,



which are presented in the next paragraph.
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FIGURE 3. Variations of the two dimensionless coefficients ¢, and ¢, as functions of the angle @ , for
the different flow configurations. § =45° corresponds to Q = Q, > @. For values of the angle between
45° and 90°, the two impellers move in the positive (counter-clockwise) direction. For values between
90° and [80°, impeller 1 moves in the negative (clockwise) direction and impeller 2 moves in the posi-
tive direction. Foré =135° , we have —Q, =Q,, Q, > 0. Values between 180° and 225° correspond to
the case where both impellers move in the negative direction. § =225° means Q, =Q, <#.

Global Bifurcation

We have seen on figure 3a and 3b that when the two impellers are rotated at the
same speed in the negative direction, they do not exert the same torque on the fluid.
More measurements have been performed using the 20 mm high blades, without baf-
fles. The results are shown on figure 4, together with sketches of the various flow con-
figurations observed. Seeding the flow with air bubbles, we have been able to visual-
ize three distinct flow configurations for 6 =225°. If one first starts motor 1, then
brings motor 2 to the same (negative) rotation rate, one gets to the value 6 =225° from
below. The measured torques follow the two curves on the left part of figure 4. The
flow observed in this case has only one poloidal recirculation cell. The central column



of fluid flows from impeller 2 to impeller 1.
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FIGURE 4. Values of ¢, and ¢,as functions of the angle @, in the vicinity of 8 =225°(Q, = Q, < #).
The drawings represent the various flow configurations that can be observed.

If one then goes on increasing the value of @, either by decreasing the rotation rate
of motor | or by increasing that of motor 2, the flow relaxes, after a stretch of time of
the order of one minute, to the mirror-symetric situation, where the central column of
fluid flows from impeller 1 to impeller 2. The torques start following the curves on the
right part of figure 4. If one then brings the value of # back under 225°, the flow re-
sponds in the symmetric manner, relaxing after a while to its original state. This hys-
teretic behaviour has also been observed with the 10 mm high impeller blades, and is
apparent on the curves of figure 3d, obtained with baffles. The flow in that last situa-
tion being less easy to visualize with air bubbles, we are not yet able to describe the
different configurations.

The third configuration is obtained when the rotation rates of the two motors are
kept equal all the way from standstill to their final value. The flow obtained in that
case has two poloidal recirculation cells of roughly equal size. The torques exerted on
the fluid by the two motors are equal, and their value is much smaller than the ones
observed in the previous cases. This situation corresponds to the data points situated
immediately below the sketch in the middle of figure 4. This flow configuration is
meta-stable, in that it spontaneously relaxes, after a stretch of time that can be as long
as one or two hours, in one of the other two configurations. We have never observed
the converse evolution.

Pressure fluctuation measurements

Pressure root-mean-squared values

The typical value of pressure fluctuations one would expect in a turbulent flow is



pV? = pQ*R?. Figure 5 shows the variations of the root-mean-squared value of the
pressure fluctuations divided by pQ*R?, in the case of 20 mm high blades and no baf-
fles. Once again, the collapse of the points on the curve is quite good, except near the
two end points, where the large values obtained for Py,,; suggest that statistical conver-

gence may not have been achieved.
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FIGURE S. Variation of p_ ;004 as a function of 8 , in the case of 20 mm high impeller blades,
without baffles.

One can see that the pressure fluctuations amplitude depends strongly on the value
of 6 . Seeding with air bubbles allowed us to connect modifications of the flow struc-
ture to some of the features of figure 5. At 6 =45°, which is the case of balanced
counter-rotation (o, - 0, >0), we have observed two poloidal recirculation cells, sepa-
rated by a vigorous mixing layer, in which very powerful vortices evolve. Between
45° and 60°, this mixing layer is gradually shifted towards the slower impeller, while
the pressure fluctuations measured in the mid-plane diminish. Between 60° and 90°,
the mixing layer stays confined between the impeller blades, where it remains quite
active. The pressure fluctuations remain at a nearly constant level. After 90°, the two
impellers start moving in the same direction in the laboratory frame. The pressure
fluctuations gradually get smaller, until 6 reaches 135° (- =Q,,q,>0). Here the
two impellers move at the same speed in the laboratory frame, and the fluid is nearly
in solid body rotation. The flow is very quiet, as can be seen from the pressure fluc-
tuations level. For values of 8 between 135° and 225°, the flow seems to have a single
poloidal recirculation cell, in which a “bubble packet” rotates in a periodic fashion.
Here the pressure fluctuations gradually increase, and reach their most important val-
ues at § =225°.

Pressure time series and power spectral density

We have displayed time series and power spectral densities of three examples of
pressure signals on figure 6. All of them have been obtained with 20 mm high impeller
blades, without baffles.

Figure 6a and 6b have been obtained in the case of counter-rotation with both im-
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pellers rotating at 20 Hz (8 =45°). As we have mentioned above, the flow has two dis-
tinct poloidal recirculation cells, separated by a mixing layer. The time series exhibits
strong downward peaks. Such events have been studied in the past [6,7], they are usu-
ally associated with regions of very concentrated vorticity. The power spectral density
exhibits two distinct scaling regions. At low frequencies, the spectrum decays alge-
braically with a slope —1.2. At high frequencies, the spectrum slope is —3.1.
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FIGURE 6. Time series and power spectral densities of typical pressure signals. The time has been
scaled by Q2 , and the pressure has been scaled by 1/ p€2*2on all graphs



Figure 6¢c and 6d have been obtained with only one impeller rotating at 20 Hz
(6 =90°). The time series has a very different (“whiter”) texture. The power spectrum
is flat at low frequencies for two and a half decades, roughly until f =~4Q. At high
frequencies, it displays an algebraic decay, with exponent —3.9. This value is reminis-
cent of the —11/3 exponent predicted by [8] for the spatial spectrum of pressure fluc-
tuations. However, it is not clear that the very high amplitude of the velocity fluctua-
tions we observe in the flow permits the use of a Taylor hypothesis to translate from
the temporal to the spatial domain.

Last, figure 6e and 6f have been obtained with both impellers rotating at -6 Hz
(6 =225°). This quite low rotation rate is actually the largest our motors can sustain,
since the torques values involved are already as high as 15 N.m. The flow studied in
that particular run is one of the flows that have only one poloidal recirculation cell.
Both the time series and the power spectral density show that the flow has a very
strong periodic component at a frequency f =0.2Q. Seeding the flow with air bub-
bles, we have seen them concentrate in a diffuse “packet” located near the cylinder
wall, roughly in the midplane, which precesses in the azimuthal direction. No such
things can be observed in the case of the symetric, meta-stable flow.

CONCLUDING REMARKS

We have performed systematic torque and pressure fluctuations measurements on a
fully turbulent Von Karman flow induced in a cylindrical container by two impellers.
We have studied in particular the influence of the height of the impellers’ blades, as
well as the influence of baffles mounted on the cylinder walls. This allowed us to ob-
serve and characterize the strongly hysteretic behaviour of the mean flow structure, as
well as a global bifurcation of its topology.

Quantitative Laser Doppler Velocimetry measurements are underway to study the
different flow structures. Particular attention is paid to the cases where the perturba-
tions induced by the baffles preclude good visualization using air bubbles.
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