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On the appearance of swirl in a confined sink flow
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Radial and swirl velocity components in an axisymmetric sink flow inside a cylindrical container of
variable aspect ratibl/R are measured using laser-Doppler anemometry. It is shown that a vortex,
superimposed to the meridional sink flow, is formed when the Reynolds number based on the sink
flow rate is above a critical value. Both clockwise and counterclockwise directions of rotation are
found. © 2000 American Institute of Physids$$1070-663(00)01111-9

Several experimental studies have been carried out in thapplied to two very thin wire$0.1 mm of diameterfixed
past to analyze the origin of the bathtub vortex, i.e., thediagonally at the bottom endwall at both sides of the orifice.
swirling motion observed when a liquid is drained from aThis visualization technique was used to detect the swirl in
hole at the bottom of a tank* Kawakuboet al® measured preliminary experiments, but was never used simultaneously
the azimuthal velocity component at a given point of thewith the LDA. The LDA probe is set perpendicular to a glass
flow by laser-Doppler anemomet:DA) and showed that plane attached as a window to the cylinder, with the space
the vortex formed when the sink flow rate exceeded a certaibetween the plane and the cylinder filled with the same
threshold value. They concluded that the formation of theworking fluid. The two laser beams are on a horizontal plane
vortex was due to a kind of phase transition. at a distance to the bottom endwallz=6 mm in all the

To avoid the effect of the liquid—air free surface, and ofresults reported belowintersecting in a point with coordi-
the air-entrainment into the vortex, whose influence on thenates(x, y) [or (r,6)] on that plane, in such a way that the
formation of the vortex is difficult to quantify, we have per- velocity component is measuré¢see Fig. 1b)].
formed a series of experiments in a cylindrical container of  In a typical experiment, for giveil/R, Re andz, the
variable aspect ratiél/R, whereR=97 mm is the inner ra- coordinatey is fixed (y=yq, say, and the coordinate is
dius of the cylinder andH its height, adjustable to a maxi- varied between-xy and + X, using a traversing system con-
mum of about 200 mnjsee Fig. 1a) for a sketch of the trolled by the LDA software. Assuming that the flow is axi-
experimental apparatlisThe cylindrical tank is closed ex- symmetric, the measureg, is related to the radialu) and
cept for an orificethe sink of diameterd=4.5mm centered azimuthal ¢) velocity components bjsee Fig. 1b)]:
at its bottom endwall, from where the liquid is drained by a

centrifugal pump, and a circular ring between the upper end- Yo

wall and the cylindefthe upper endwall radius is about 93.5  Vy(X:Yo) =u(r)cosd—u(r)sin6=u(yx*+yp) Y-
mm), through which the liquid is reinjected to the tank after Yo
passing through a settling chamber. The flow @tes mea- X

sured using a magnetic inductive flow meter, with an uncer- —v(VX2+y)) - (2
tainty of about 0.1 I/h, while the temperature is measured VX"t Yo

with a digital thermocouple in the settling chamber, with an
uncertainty of 0.1 °Gthe temperature is used to calculate the
kinematic viscosityv of the liquid during the experiments
Sinced<R, the two main parameters governing the flow are
the aspect ratidl/R and the Reynolds number

Since the first term in the right-hand side @ is an even
function of x, while the second term is an odd functionxof
one may obtaini(r) andv(r) separately from(x,yo) by

adding and subtracting, respectiveb,g =vy(x=0)y,) and

4Q v, =vy(X<0yo) (of course, forr=y,). Their absolute val-
(1) ues are

Re= —dv
The working fluid is &72%)-glycerine<28%)-water so-
lution with a measured index of refraction of 1.437, so cho-
sen to approximately match the index of refraction of the

transparent materigPlexiglag of the container cylindrical r=x"2+y3. (3
wall. This minimizes the refraction of the laser beams of the

LDA system(1 component, 10 mW He—Ne laser with wave-

length of 632.8 nm manufactured by Dantesed to mea- The azimuthal velocity could also be obtained directly from
sure the fluid velocity inside the cylinder. SéaCl) was v, by measuring it ay,=0. However, the velocity near the
also added to the solution to allow for the visualization withaxisr =0 is so small that the accuracy of the LDA measure-
hydrogen bubbles using a relatively low electrical potentialment becomes poor. In addition, wiig# 0 one obtains both

r + — r + —
|u(r)|:2_y0|vy +vy |! |U(I’)|:F|Uy Uy |r
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FIG. 1. Experimental setup and coor-
dinate system.
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Figure 1(a)

the radial and the azimuthal velocities togetfer r=y,). nolds number was decreased by closing the control valve and
We used values of, between 1 and 2 mm. If the measured thus diminishing the flow rat®. The corresponding,, pro-
profile v, (X,yo) is symmetric in relation tox=0, the sink files in Fig. 2a) show that the intensity of the vortex de-
flow is purely radial(it has no rotationh But if the measured creased, until it vanished before reaching the last value Re
profile becomes nonsymmetric, it is an indication that a vor-=1239[the profile for a much lower Reynolds number, Re
tex has been formed superimposed to the sink flow. Previ=749, has been added to Fig(aR for comparison sake
ously to the LDA measurements, we performed a series of\fter this, the Reynolds number was increased by opening
experiments using the hydrogen bubbles visualisation techthe control valvg[Fig. 2(b)], and the swirl appeared again.
nique. For several values of the aspect ratio, we found thathe radial and azimuthal velocity profiles as functionsr of
the swirl appeared in the sink flow for Re above a criticalare extracted from the, profiles by using(3). Figure 3
value somewhere between 1300 and 1400. shows the maximum values of the azimuthal velocityas
Figure 2 shows the measured aty,=1.98 mm for de-  functions of Re for both decreasir{gircles and increasing
creasing[Fig. 2(a)] and increasingFig. 2(b)] values of the (squares Reynolds numbers. A linear interpolation of these
Reynolds number andd/R=0.515. The experiment was data (continuous and dashed lines in Fig. 3, respectively
started at the highest value of the Reynolds nunilize  shows that the critical Reynolds numbers for the disappear-
=1848 in Fig. 2a)], at which thev,, profile is clearly non- ance and the appearance of the swirl are practically the same
symmetric in relation toc=0, so that a vortex is present in within the experimental erroreve obtain Re=1381 and Re
the sink flow at this Re. The rotation in this particular vortex =1367, respectively
is counterclockwise when seen from above. Then, the Rey- Although the results given in Figs. 2 and 3 are for a
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FIG. 2. Measured velocity profiles 3t=1.98 mm, z
=6 mm, forH/R=0.515 and several R@) Decreas-
ing Re.(b) Increasing Re.
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counterclockwise rotation, we have also measured clockwis&he rotation in the new cases is clockwigegative values
rotations for the same value of the aspect ralidR  in Fig. 4). The critical Reynolds numbers for the appearance
=0.515. Once a series of measurements was stopped and thiethe swirl ranged between 1300 and 1400, in agreement
flow completely settled down, the vortex developed abovewith the values obtained previously using visualization tech-
the critical Reynolds number in the next experiment couldniques. They do not seem to depend much on the aspect ratio
have the same, or the opposite, direction. H/R within the experimental errors of the measurements. As

The measurements were repeated for several values f/R decreased, the intensity of the formed vortex also de-
the aspect ratio. Figure 4 shows the maximum swirl velocitycreased, thus becoming more and more difficult to accurately
as a function of Re foH/R=0.40 and 0.286the experi- measure the azimuthal velocity with the present LDA tech-
ments shown in these two cases are for decreasingt®e nique.

gether with the above commented results foiR=0.515. The critical Reynolds numbers obtained here are slightly

FIG. 4. Maximum swirl vs Re for several values of
H/R andz=6 mm.
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