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Abstract

This paper describes a laboratory experiment dedigm study regular arrays of vortices
occurring behind an object in a stream of fluidisTphenomenon is observed in
industrial flows, flows in the ocean and in the agphere. We consider the flow behind a
circular cylinder. In the second part of the expemt the effect of the body on the fluid

is imitated by using an appropriate force field wiileere is no real body present in the
fluid. The force field (virtual body) is created hypermanent magnet located above the
surface of water in combination with electric cutrapplied in the horizontal direction.

The apparatus required for the experiment is inegie and easy to construct.



I.INTRODUCTION.

The phenomenon of regular vortex shedding behimielsan a stream of fluid is
often observed in nature. For example, vortex ttre@n be observed on a large scale in
satellite images of cloud cover behind mountainslasds. On a smaller scale, the flutter
of a flag in the wind or the generation of soundabyire are all related phenomena.

We consider the classical fluid mechanics probléfioav behind a circular
cylinder. This problem has been a subject of serinuestigation for over hundred
years. The underlying (nonlinear) phenomena which cansgbility in the form of the
vortex shedding are quite complex. However, théexostreet itself is simple, highly
periodic and robust. The characteristics of thésed can be easily measured and
analyzed using dimensional analysis. A body ir@ash experiences a drag force. The
effect of the body on the fluid is therefore ddsed by the force equal to the drag force
in magnitude and acting in the opposite directidie. can create a “virtual” body by
imitating this force when there is no real bodyhe fluid. An electromagnetic method is
used for this purpose.

The goal of this paper is to describe a simple;tost experiment for the
advanced undergraduate laboratory and to introgiuckents to methods of dimensional
analysis. While the experiment is simple enougbe@erformed by undergraduates, it

exposes students to the kinds of methods thatfme encountered in advanced research.



I1.EXPERIMENT

The apparatus is illustrated schematically in EigThe flows are generated in a
Plexiglas tank, 50 cm long, 10 cm deep and 20 cdewihe tank contains two layers of
salt water, each of depth 0.5 cm and of differatttconcentration, the lower layer being
more dense than the upper one. Two layers aretasadchimize the vertical component
of velocity, constraining the flow to two dimens#n Two copper pipes at the side walls
of the tank serve as electrodesnd a rare earth permanent magnet of diardeted.5
cm is located approximately 0.1 - 0.3 cm abovdithed surface. The interaction of the
magnetic field (typically 0.04 — 0.09 T in the veal direction) with the electric current
of magnitudg = 0 - 3 A results in a horizontal force exertecally on the fluid in the
direction perpendicular to the electric currenha@ed particles (ions in dissociated
electrolyte solution) drift toward the electrodesl!s that positive ions move towards the
cathode while negative ions move towards the anblde.Lorentz forceF = qvxB, is
perpendicular to both the magnetic field and theend. Since the oppositely charged
particles move in opposite direction, the resulfioige is in the same direction in the
horizontal plane for positive and negative ionsotf the other hand, the particles in
addition to drift are carried by the fluid motidhe total force due to this additional
velocity component is zero, since positive and tieggarticles move in the same
direction and their total charge is zero. Thus,dleetromagnetic force on the fluid does
not depend on the motion of the fluid. The forcapglied locally to the fluid in a volume
where the vertical component of magnetic fieldigmgicant. The horizontal extent of

this area is of the order of the magnet diametee. Magnetic field decays fast



(approximately ag®) in the vertical direction. Thus the magnet orffeetively induces

motion of the fluid in the upper layer.

The magnet is translated along the tank by a stgppotor on a translating stage.
The translating stage was constructed from a nmextigarriage assembly from an old
inkjet printer. A simple controller for the stepgimotor was designed to allow the
translation velocity to be varied in the rarige 0.2 — 5 cm/s. The translating stage was
leveled to ensure that the distance between the@amgd the surface of water did not
change when the magnet is moved along the tankp®laity of the magnet and the
direction of the current were chosen such thatékalting force was applied on the fluid
in the same direction as that of the translatiothefmagnet. This imitates the force

applied by a towed body on the fluid (a reactioth®drag force).

A PC video camera placed above the tank is useectrd the video sequences or
single snapshots of the flow. A camera with adjst@ptics and with some software for
reducing the horizontal distortions (most cameageha wide angle objective lens) is
preferable for this purpose. Most cameras provi@A\Vesolution (640 X 480 pixels)
and frame rate up to 30 fps which is quite suffiti®r the purpose of this experiment.
The recorded video can then be analyzed frameadmyedrusing standard software which
is usually supplied with the camera. The flow isrminated by a fluorescent lamp placed
below the tank. A food dye can be used to visuaheeflows. Several drops of dyed fluid
are injected by a pipette along the axis of motibthe object before the object is towed;
this is prepared from equal parts of lower and ujgeer so that the dyed fluid particles
remain at the interface between the layers and @early visible patterns of the flow.

However, the dye eventually contaminates the fla alternate method is to use a pH-



indicator such as thymol-blue. The solution of fhdicator is orange-yellow color in its
neutral state and is deep-blue in the basic téeuse a basic solution of the indicator
instead of a dye. The water in the upper layeraderslightly acidic, such that it takes
only a few minutes after the experiment for thedawgd blue fluid to become yellow

again due to diffusive chemical reaction.

An outline of the steps involved in the experimieiiows.

A. Density stratification

The tank is filled with two layers of salt wateaoh of concentration 30 and 250 g/l
and height 0.5 cm. To prepare a two-layer systetlmoni mixing the fluids, the heavier
layer is first poured into the tank and a shegdagfer is floated on top of it. The less
dense fluid is then carefully poured onto the sheed the latter is then (very carefully)
removed. Another method is to pour the less ddnggihto the tank first, and the
heavier fluid can be delivered through a thin tplzeed (not too tight) against the
bottom of the tank to allow the fluid to spreadvdipalong the bottom. This second
method allows for a very sharp interface betweendlgers but is somewhat slower to
achieve. The two-layer stratification is very staflle to the large density difference
between the layers, however, it changes with tioetd diffusion of salt. The
stratification can be used for approximately onarhafter this period of time it should

be replaced.

B. Circular cylinder



The first set of experiments is performed with giec cylinders of different diameters
up to 1 cm. No electric current is needed for theegeeriments. A cylinder is placed
vertically in a holder such that the distance betwthe lower end of the cylinder and the
bottom of the tank does not exceed 0.1 — 0.2 crinBrgasing the speed of translation of
the cylinder, a transition from the stable regime tregime with periodic vortex shedding
(Karman-Benard vortex street), can be observegpkal view of the vortex street is
shown in Fig. 2. The period of vortex shedding barmeasured from a video sequence
as time between the events when a vortex of omeisighedded. Alternatively, the
wavelength of the vortex street can be measured &snapshot of the flow as a distance

between the vortices of one sign.
C. Calibration

In the experiments with the magnet it is impossiblestimate the exact value of the
force acting in the fluid without exact knowleddedaift velocities of ions. However, an
indirect method can be used to obtain the valutisfimportant control parameter. The
magnitude of the force is controlled in the expemts by varying the current. If the
magnet is stationary, the localized force generat&srting vortex dipole which is a jet
with a pair of vortices of opposite sign at itsrftoPrevious studiéshow that the

distance traveled by a dipole varies with time as

L(t) = (30/4m) 3>, 1)

Here, the distancke is measured from the origin (the center of the me@igto the front of
the vortex dipole. The magnet is located approxayedt the center of the tank for this
calibration. We also assume that the flow is apnaxely uniform in the vertical

direction along the depth of the layer. A drop géd fluid is injected under the magnet



before the start of the experiment. Individual femnfirom the recorded video of the flow
can be saved and analyzed using a standard imalge tdS Windows. The position of
the cursor in pixels is used to measure the lebgihdifferent frames, and a centimeter
scale placed under the tank prior to recordingviieo enables to be calculated in
centimeters. Knowing the video frame rate allowesttime between successive frames to
be determined. Equation (1) allows us to relatenibenentum per unit time per unit
depth of the layed], to the magnitude of the electric currdnts measured as a function
of time for different values of currept The power law (2/3) dependence is confirmed
for each run and the momentum fldxjs estimated from the slope of theversugt??
graph. The calculated valuesJofan be plotted against current to obtain a linear
relation of the fornd = 4, where the coefficienf depends on the particular parameters
of the apparatus, namely the distance of the mdgmetthe surface of water, the
magnetization of the magnet, the area of the eldes and the stratification. In the
present work the value @ was in the range 0.3 - 1.5 fbmeasured in cffs? andj in

A. After calibrating, the magnet or the electrodaanot be moved. The calibration
procedure should be repeated 2 or 3 times betwemessive experiments because the
value of the coefficien{? changeslowly with time due to changes in the stratification.
An alternative method to measure the force apmrethe fluid requires measurements of
velocities in the fluid using a particle image \@toetry (PIV) system such as that
described in The force can then be obtained by integrationg contour around the

origin using a so-called flux formula giverfin

D. Virtual body



In this part of the experiment a series of run$wifferent magnet velocities and
currents are performed to identify the regimedefftow. Typical images of the flow are
shown in Fig. 3 and 4. When the speed of the ntagmelatively large while the force is
relatively weak, the wake behind the magnet islstabd is in the form of a jet (Fig. 3 a)
flowing in the direction of motion of the forcindg=or even larger values dfthe
formation of a recirculation in the form of a vortéipole (Fig. 3 b) is observed under the
magnet. The dipole does not remain stable howewtstarts shedding vortices. As the
dipole loses vorticity of one sign it becomes asatrio and eventually turns in the
direction of rotation of the remaining vortex. Tiésults in the formation of a typical
Karman-Benard vortex street (Fig. 4). When theifaygs increased even further the
nonlinearity of the flow increases to such an eixteat the forcing produces strong
compact vortex dipoles which then eject in différémections quasiperiodically without
forming an organized vortex street. When the flowfs a regular vortex street, the
wavelength of the street and the period of vorteedsling can be measured in the same

manner as that described for the experiments waiyliader.

[11. DATA ANALYSIS

The wavelength of the vortex stregét,is measured for the cylinder wakes and
those generated by a virtual body. The frequendhi®iortex shedding can then be
introduced a$ = U/ A. In order to better understand the behavidrfof different values
of the control parameters involved in the probléns useful to first perform a simple
dimensional analysis. For the cylinder, frequehdgpends on a set of three dimensional

guantities including kinematic viscosity velocityU and the diameter of the cylinder



The dependence which has to be determined in quarements can be written in
dimensionless form as

Ro =®(Re (2)
where Ro d?/vis the so-called Roshko number ahds an unknown function of the
Reynolds number RedlU/v. Roshko number is a dimensionless of frequencyevthe
Reynolds number characterizes the ratio of theineatity to dissipation in the flow. A
large number of previous experimerftsdemonstrate linear dependence in the form

Ro = 0.212(Re — 21.2) (3)
for moderate values of the Reynolds number Re = 580. This dependence can be
verified in our experiments. For a virtual body ewer, there is one additional
dimensional parameter, namely the magnitude ofateeJ ([J]=L%T?). Note that the
force applied by the cylinder on the fluid is natindependent parameter but rather
depends on the control parameters of the flow

J=C,du?/2, (4)
whereCp is the drag coefficient dependent on the Reynolasber of the flow. The plot
of Cp as a function of Re can be found in many textbavkfuid dynamics. Whed is
a free parameter, the dimensionless dependendegecaritten in a form:

Ro =®(Re,MNy), (5)
where an additional dimensionless parametElyis J/(dU?). In the experiments with a
virtual body, two of the original dimensional pareters namely U and J can be varied
(the diameter of the magnet is fixed) and the regiof the flow can be observed. The
diagram of regimes where different symbols indi¢dhteregimes (stable jet, vortex street,

vortex dipole) can then be plotted in the spacdimiensionless parameters Re &hd



After this investigation of regimes is performedsitiesirable to simplify the problem and
to reduce it to that for a circular cylinder. Fbistpurpose the current in the apparatus can
be adjusted such that the dependence (4) is saltiafid the virtual body imitates a real
cylinder. Note that the values of the Reynolds nenghould also be close to those for

the cylinder flow. The dependence of Ro versusd&etben be compared to that for the

circular cylinder.

IV.CONCLUSION

We have presented a laboratory experiment to saddydrodynamical
phenomenon of periodic vortex shedding. The sulgietitis experiment is a complex
(nonlinear) fluid flow. However the experiment doex require special knowledge of
fluid dynamics. It rather involves general physipgahciples such as dimensional
analysis and conservation laws. The method is basedectromagnetic method of
generating the flows. This method is not routind although simple is used in advanced
research.

The experiment described in this paper can beyedsWwngraded for use in an
entry level or intermediate undergraduate laboyatorthis case the students only
perform the part where the cylinders are towedadpare their results with those of
classical experiments. Figure 5 shows the lindatiomship between Roshko number and
Reynolds number for cylinders of diameter 0.3 —chrO In this case, the bottom layer of
fluid consisted of salt water (250 g/l), while tingper layer was fresh water only (we

don’t need to apply current in this case).
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The experiment can also be modified for more adedrevel. Two magnets of
opposite polarity can be used to imitate self-pilegeobjects such as swimming
microorganisms, fish or submarines (however, $yriggpeaking only the laminar wakes
with small or moderate values of the Reynolds nurche be modeled using this setup).
Self-propelled bodies generate zero-momentum fldv@wmoving with constant speed
because they have to transfer momentum to theifiuiide direction opposite to that of
their motion to generate the thrust force. If d-pebpelled body moves with constant
speed, the drag and thrust forces are of equal iln@grand of opposite directions. The
drag force is applied near the front of the bodylevthe thrust force is usually generated
near the rear end. Thus, these forces are sepdmatedistance which is approximately
equal to the length of the body. The same is addid Yor the corresponding reaction
forces which act on the fluid. A rich variety ofjimes of the flow can be observed in the
experiments with two magnets. The experiment deesdrin this paper can also include a
PIV system. This will allow measurements of velocity in tHevs to be made. In
particular the profile of velocity in the wake bedtia cylinder or a magnet can be
measured and the volume fl@xin the wake can be derived. This volume flux i®dily
related to either the reaction to the drag forgaiag by the cylinder or the force applied

by the magnet vid = UQ.
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Figure captions:

Figure 1. Sketch of the experimental set-up.

Figure 2. Karman-Benard vortex street behind au@rccylinder of diameter d = 0.478
cm moving with velocity U = 1.74 cm/s, Re = 83.

Figure 3. Images of the flow generated by a magnetal body) for different regimes:
(a) stable jet and (b) vortex dipole with a wakéibd it. Experimental parameters:
(@)U = 1.45 cm/s) = 0.8 cni/s? and (b)U = 0.29 cm/s)) = 0.7 cni/s%.

Figure 4. Sequence of video frames showing diffigpbiases of a regular vortex shedding
regime. Experimental parametets= 0.58 cm/s)) = 4.25 cni/s’.

Figure 5. Experimental results showing the linedatron between Roshko number and
Reynolds number. A least squares fit to the datasgRo = 0.20(Re — 21) consistent

with the prediction of Eq (3).

13



Figure 1.

14



Figure 2.

15



Figure 3.

16



Figure 4.

17



Ro
BN N N
()] o (@)]
T T T

-
o
T

00 20 40 60 80 100 120 140 160 180

Re

Figure 5.

18



