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ABSTRACT

This paper investigates the influence of viscosityd
viscoelasticity on the structure of the flow iniael vortex in
view of understanding their effects on cavitatigrcaption.
Experiments were conducted in a vortex chamber evltlee
fluid injection speed and the liquid properties dam easily
controlled. Measurements of the velocities, pressuand thus
the cavitation number were conducted using a PIstesy,
pressure gauges, and Pitot tubes. Experiments pegfermed
using water, different dilute concentrations of ypoér
(POLYOX WSR 301) solutions, and solutions with eiféint
concentrations of corn syrup for a large range efri®lds

numbers. The measurements and observations shadvetd t

cavitation inception at the vortex center was detayvhen
polymer and corn syrup solutions are used as cadptar the
experiments in water. However, contrary to
observations with tip vortices, here the large escairtex was
found to rotate faster in the polymer and corn gysalutions.
This did not match with our observations of cauiat
inception delay in the case of polymers and theventional
thinking about the relationship between pressungsvalocities
in a vortex line. This may be due to the observatithat the
velocity fluctuations and the turbulent kinetic emein the
viscous core region increased significantly in podymer and
corn syrup solutions and could question the validif a
pressure computation based on a single vortex.

INTRODUCTION

Tip vortex cavitation is typically observed as fhret form
of cavitation in propeller flows. The resultingkior discretion
of a naval vessel explains the desire to delay sachitation
inception. Laboratory tests have shown that a eitaiution of
polymer everywhere in the liquid [1] can delay ¢ation
inception through both reduction of the vortex ciation and
thickening and slowing down of the vortex viscoosec Local
injection of polymer solutions in the tip region svalso shown
effective in delaying the tip vortex cavitation @ption without
affecting the lift. This was demonstrated on éitigoils in [1]-
[3], and on a full propeller in [4]. However, theenhanisms
that resulted in the above described effects ahithibed the tip
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cavitation are not fully understood. Due to the ptarity of a
propeller flow, experimental measurements of theaity in

the core region of the rotating vortical structur@® very
challenging due to both the rotation motion and aeaimg of
the vortex core. To study the problem in a corgbliaboratory
environment, we built a Plexiglas vortex chambemoider to
generate and visualize a columnar vortex flow aoddacted
tests with water and various concentrations of odsc and
viscoelastic additives. The vortex chamber hadreutdr cross
section and the flow was injected tangentially tiylo several
uniformly distributed slots. The ‘swirl’ strengthas controlled
by the flow rate of the liquid in the loop. PIV nsmements
were conducted to characterize the flow in the diemfor

several flow rates and with different solutions.isTipaper
presents the results of these measurements andssksc the
observed effects of viscosity and viscoelasticitytbe vortex
flow in the chamber.

EXPERIMENTAL SETUP AND APPROACH

The experiments were conducted in the chamber shiown
Figure 1. The chamber consisted of two concenylmders.
The fluid entered in the first cylinder, which sedvas a
plenum, then was injected tangentially into theemohamber
through eight tangential slots. End plates witlcdar orifice
openings were mounted on each end-side of thedaiwhen
the flow rate exceeded a limit value, cavitatiocweed at the
center of the vortex and a tubular cavitation voriee was
observed between the two outlets as the flow rate increased
(see Figure 2). The chamber was set in a long fila with
liquid and a close loop was set up with a reciringapump.
The liquid was supplied from the top of the chamdoed it was
then taken out from the middle and bottom of thek tsuch that
it did not disturb the flow near the outlets of theirl chamber.
The schematic and dimensions of the setup are showigure

3 and Table 1, and a picture of the actual setud an
experimental equipment is shown in Figure 4.



Figure 1. Picture of the vortex chamber

Figure 2: Picture of the vortex chamber at high flow ratetwét
large cavitation core in its center.

Inner cylinder ID 5.5in
Outer cylinder OD 7.5in
Inner and outer cylinder thickness 1/4 in
Slot width 1.85in
Slot height 0.5in
Outlet diameter 0.6in
Chamber length 23.8in
Wall - Chamber distance 12in
Liquid level 12 in
Oultlet-slot distance 5in
Total number of slots 8
Angular positions of the slots 7060, 250, 340

Table 1: List of all the vortex chamber dimensions.

Turbine flowmeter

Figure 3: Schematic of the test loop.

An Oxford laser VisiVector E6 PIV system was used t
perform the Particle Image Velocimetry (PI1V) measuoents.
This system employed a HSI diode laser (15 mJ/p8i3& nm
wavelength). A combination of spherical and cylindflenses
was used to produce a laser sheet 30 mm wide amu ghick
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Figure 4: Picture of the setup and instrumentation

in the area of interest. The duration of a singkef pulse was

A PCO Pixelfly-ge CCD camera with an AF Nikkor
(Nikon) 35mm f2.0D lens with a teleconverte? set at about
2-2.5 ft from the mid-plane of the chamber was usecapture
the PIV images. The camera had a resolution of2kB924
pixel (12-bit digital output) at 12 frames per sed@nd a pixel
width varying from 45 to 65m was achieved.

Slot location

Figure5: Definition of the angl® and locations of the
tangential slots (shown as red arrows) on the ioglémder.

A commercial VIiDPIV software was used for image
acquisition and subsequent data post-processinge Th
calculation of instantaneous velocity vector mags \@one by
means of cross-correlation between two images: rat fi
correlation, including a Whitaker peak fit and phasrrelation
[5]was performed on 4& 48 (24 pixel shift) interrogation
windows; then a local median filter was appliedd athe
resulting filtered vectors interpolated. An adaetieorrelation
function was applied on 24« 24 pixel (12 pixel shift)
interrogation windows; then a local median filteas,applied.

As for the spatial resolution, the size of the aa#td area
was approximately 3G0mnf with a spacing of 0.54-0.78 mm
corresponding to 12 pixel units.

For each series of experiments, 200 image paine we
taken and averaged. Checks on the sufficiency2ffGapicture
pair ensemble size were performed by increasingtisemble
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size to 300 picture pairs. However, no significamprovements
in the mean values were observed.

Instantaneous profiles without time averaging aedtar
interpolations were also used to further understiedvortex
dynamics.

PIV measurements were conducted in the mid-plar@)(Z
of the chamber with different fluids: pure wateonfiogeneous
polymer solutions (from 50 to 1000ppm), and homegeis
corn-syrup solutions (9% and 12%, mass concentratidlong
the length of the chamber, the vortex cross-sectatation
velocity profile changed somewhat but not to a gexdent.
This is illustrated in Figure 6. In the rest oéthaper we will
only concentrate on the Z=0 profile.

V., (m/s)
<

12GPM - center of vortex chamber
12GPM - injection slot

12GPM - 2Inches from exlt
12GPM - 0.dinch from exit

T I I SR S T SO N NI RN
10

Figure 6: Variations of the rotation velocity profile aloniget
vortex tube, here illustrated for a solution of pApof Polyox
at a flow rate or 12gpm.

For each experiment, a set of 200 instantaneousfidds
were averaged. For all the measurements, the vardexiering
was found to be small (less than 0.5 mm) and tmgs,
corrections were done for it. Typical averagedvfiiields for
low and high flow rates are shown respectively iguFe 8 and
Figure 9. Using the streamlines, the center ofuibeex was
estimated with an error of at most 0.1mm. We caticaan the
side edge regions of the figure the presence of fagher
tangential velocity areas: these four high-speedasr
correspond to the four slot injectors on the peaighof the
inner cylinder. The angular positions of these araarespond
to the angular positions of the slots (Figure 5).

For each set of experiments, profiles were extchaeleng
the linesd = -4, 0,7v4 andrv2 (see Figure 5 fob definition).
Each profile was fitted with a modified Rankine teor
function defined as:

V, =0, ifr <a ,

V, =(r-a)w, if asr<R (2)
r .

V,=—, ifr > ,

b= R

whereR,, the viscous core radius, the radial position where
the max tangential velocity is observed, and theapetera
describes the size (radius) of the cavitation @dnen there is a
cavity at the vortex line center (Figure 7).

o(r-a)

V, (mis)

2yma

R(mm)

Figure 7: Definitions T, w, Ry, a, and Vg™

For brevity, only the results obtained with the fjjes
extracted ab=174 are shown here. The profiles extracted at the
other locations are similar and showed similardeen

V nag (MIS)
. 1
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0
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Figure 8: Contours of the mean velocity magnitude and its
streamlines for water at 6gpmgy/= 0.089m/s).

0
X (mm)

Figure 9: Contours of the mean velocity magnitude and its
streamlines for water at 25.4gpmgfy= 0.356m/s)

RESULTS FOR WATER

Figure 10 shows the evolution of the tangentialogity
profiles with increasing flow rate for the casepofe water a6
= Tv4. A cavitation core appears at about 12.3 GPMrapdlly
fills the whole vortex centerline. As the flowedhcreases, the
cavitation core obtained from averaging the measargs in
time grows in size.



Figure 11 shows two instantaneous flow fields mesbat
two different flow rates with water. For both floates, we can
observe that the velocity near the center is naform in
magnitude, underlying the non-axisymmetric behawibrthe
flow probably caused by the flow injection througbts.

B Q(@pm): 7 9 1113 15 17 19 21 23 25
4l Cavitation

V, (mis)

0
R(mm)

Figure 10: Profiles extracted & = 174 with water for different
water flow rate.

Water - 9.2 GPM - Instantaneous Flow Field Water - 24.5 GPM - Instantaneous Flow Field
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Figure 11: Instantaneous velocity vectors for two flow rates
with water. The velocity magnitude has been dimameized
by the velocity at the slot.
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Figure 12: Mean velocity profiles extracted #&=174 with
water at 9.2 gpm (green line) and 24.5 gpm (red)liThe
symbols are 30
corresponding flow rate.
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Figure 13: Time history of the tangential velocity for two o
rates with water aR~R,

Figure 12 shows the mean velocity profiles extrecie
06=174 for the 9.2 gpm and 24.5 gpm water flow ratewel as
30 instantaneous profiles. This illustrates theorggr time
varying character of the viscous core as expressaty both
the core radius and the maximum tangential veloaitythis
radius. Figure 13 shows the time history for twawflrates with
water at a radial position near the viscous corargé
oscillations in the tangential velocity are observe

Figure 14 shows the evolution of the viscous cadius,
R,, for increasing flow rate. The average liquid ety at the
slot was obtained by dividing the water flow rate the total
cross section area of all slots, 43.37cBefore cavitation,
which shows up in the red curve of Figure 14, wRgp starts
having a non-zero value, the viscous core radiasva in the
green curve grew quasi-linearly with the flow rai&hen
cavitation occurred, the viscous core radius demea
noticeably at first, and then started growing qdiasiarly again
as the flow rate continued to increase. Thus thpeamnce of
the cavitation core caused an important effecthanvelocity
flow field in the vicinity of the vortex core edgelowever, no
effects were observed in the potential regiBr> R)) or on the
maximum tangential velocity, which continued grogin
monotonically with the flow rate.

R (mm)
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Figure 14: Evolution of the viscous core radiRg the
cavitation core radiuR.,,, and the maximum tangential
velocity with the water flow rate.



RESULTS WITH POLYOX AND CORN SYRUP
SOLUTIONS

The viscosities of the Polyox and the corn syrupitims
were measured with a falling ball viscometer. Thias not
meant to obtain the viscoelastic parameters for Rlog/ox
(non-Newtonian) but was used only to compare theithieian
viscosity measured with those of water and the cgymup
solutions. Comparison between the Polyox and the sgrup
at the same viscosity are meant to bring out afigrdinces due
to the viscoelasticity. The properties of the diiand their
temperature during the experiments are listed bieTa.

Fluid TCC) | p(cP) | p(gem® | v (c)
Water 16 1.11 1.0 1.11
Polyox 50 ppm 20 1.02 1.0 1.02
Polyox 250 ppm 20 1.32 1.0 1.32
Polyox 500 ppm 20 1.44 1.0 1.44
Polyox 750 ppm 20 1.62 1.0 1.62
Polyox 1000 ppm 20 1.84 1.0 1.84
Corn Syrup 9% 20 1.33 1.03 1.28
Corn Syrup 12% 20 1.47 1.04 1.40

Table 2: Properties of the different liquids used in thisdst
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Figure 15: Circulation versus average injection velocity with
the different liquids.

The following figures compare the differences imdéor
of the liquids in the vortex chamber between watemd
different concentrations of Polyox and corn syrufigure 15
shows that for a given pump flow rate (or slot agerinjection
speed) there is a drop in circulation for the Prlgolutions
when the concentration exceeds 250ppm. This imhat in
order to decouple the effects of the additiveskaloop from
those on the line vortex, a correct comparison betwdifferent
liquids should use the measured liquid circulationin the
potential flow region and not the injection velgcit

Figure 16 shows that for the same circulation, the

maximum tangential velocity observed in the corrupyand in
the polymer solutions are higher than those in wate the
circulation is increased, the differences betwess tarious
liquids increase but the velocity profiles becortsmanore and

more turbulent (as shown later) and the errorshermtaximum
tangential velocity determination increase.
Figure 17 shows that for the same circulation, wiseous

core radius became smaller as polymer and cornpsyru

solutions were added to the water. Also the comups and
polymer solution were found to rotate faster in ¥iseous core
of the vortex line (Figure 18). Despite these obsons, the
cavitation inception was observed to be delayetthéncases of
the viscous and viscoelastic solutions as showthenplots of
the cavitation bubble radius in Figure 17.

These results are contrary to expectations anchatysis

as we expect the cavitation to occur when a maximum

tangential (or rotation speed) is observed in tisgous core.
This implies that the averaging procedure in sgaktime has
obscured the physics of the flow in the vortex tflbe. Thus,
it appears that the cavitation inception is relatedsmall
turbulent structures in the vortex core rather tt@mmthe mean
flow field described above.
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Figure 16: Maximum tangential velocity versus circulation for
different liquids.
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Figure 17: Viscous core and cavitation cylindrical bubble
radius versus circulation for different liquids.
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Figure 18: rotation speed in the viscous core for different
liquids
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Figure 19: Mean velocity profiles for different liquids with
approximately the same circulatioh £ 0.041/s)

TURBULENT VELOCITY FLUCTUATIONS
To characterize the turbulence, a turbulent kinetiergy is
deduced from the measurements using:

TKE :%(ufms 2 @

where u,s and vy are the root mean square of the velocity
components in the(r,d) PIV plan. The third velocity
component in the vortex axial direction is negldcsince the
measurements are performed in the mid-plane wherexial
velocity is nominally zero and negligible relati® the
tangential velocity.

20 mm

Water Polyox 50ppm

Polyox 250 ppm Polyox 500ppm
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Polyox 750ppm polyox 1000ppm

&2

Corn Syrup 9%

Corn Syrup 12%

TKE: 0 0.4 (R 1.2 18 2
Figure 20: Turbulent kinetic energy in fs* with different
liquids for a flow rate of 9.2 GPM (no visible ctation in the
core of the vortex)




20 mm

- (i.e. region ofV, ..). There, the tangential velocities and the

velocity fluctuations are the highest. These higlugs are also
caused by observed fluctuations in times of tlvation of the
viscous radius The increase of TKE observed forctre syrup
can be explained by the highest rotation speedrebden the

corn syrup solutions. This is counter-intuitive we would

expect the flow to be more stable at higher viggasince the
Reynolds number is lower.

As shown in Figure 22, the TKE values observedOaarid
Water Polyox 50ppm 1,000ppm are very similar. Overall, it seems thae t
viscoelasticity effects saturate for solution caoncations
higher than 250ppm. The TKE is found to be 10 tisesller
in water than in the other solutions (see Figure 22

The importance of the effect of turbulence on Gioh
inception has been already reported in various rifions,
including for marine propellers (e.g. [6]), whichuihd that the
cavitation inception number increased with incregsi
turbulence intensity in the free stream. They fothat altering
the free stream turbulence had a similar effecthencavitation
inception as using leading-edge roughness technique

Polyox 250 ppm Polyox 500ppm Defining the turbulence intensity by:
2 2
WUtV
Tl (%) =100X1=__ms 3)

JUZ +VZ2

we can investigate the overall turbulence outsidthe vortex
region where the velocity is close to zero. FigeBeand Figure
24 show the turbulence intensity for selected lont high flow
rates. For clarity, the values in the center of tlogtex are
blanked in Figure 23 and Figure 24 to avoid divisky very
small numbers. The turbulence in water is foundéomore

Polyox 750ppm polyox 1000ppm uniform than for the other solutions.

20
18 Polyox 50ppm

B . . Polyox 1000ppm
16 .. . Corn Syrup 9%

- E Water

14

= ~
12t

Corn Syrup 9% Corn Syrup 12%

TKE: 0 2 4 B ] 10
Figure 21: Turbulent kinetic energy in ¥ with different
liquids for a flow rate of 24.5 GPM (cavitating vex line core
present for all the cases).

Figure 20 and Figure 21 show the turbulent kinetic

energies for two flow rates: 9.2 GPM (Y = 0.134m/s) and 05 > - 8 10
24.5GPM (\; = 0.356m/s). At 9.2 GPM, none of the liquids R (mm)

were cavitating, whereas at 24.5GPM, all the casad a

cavitation cylindrical bubble line at the center tbe vortex Figure 22: Turbulent kinetic energy for a flow rate of 25.4
line. The TKE is found to be much lower for botbvil rates for GPM for water and various viscous solutions.

pure water. With the other liquid solutions withd#&tves high
values of the TKE are found in the viscous coragumdegion
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Figure 23: Turbulence intensity (%) with different liquidsrfa
flow rate of 9.2 GPM (no cavitation core in the ofizer).

CONCLUSIONS

A vortex chamber with tangential injection was usgxl
generate a central line vortex and observe itcire in water
and various solutions of polymer and corn syruphilgVthe
vortex chamber appeared to be of a large enoughasid good
quality to allow easy observation of cavitation eéption and
bubble dynamics, it turned out to still presenficiifities for
fine detailed studies of the vortex structure.

polyox 1000ppm

Polyox 750ppm

Corn Syrup 9% Corn Syrup 12%
- m
TI®E O 30 B0 S0

Figure 24: Turbulence intensity (%) with different liquids far
flow rate of 24.5 GPM (cavitation core presentdtithe
cases).

Due to strong velocity fluctuations, vortex corezes
oscillations, and potential presence of more thaa wortex
structure, averaging the data in time appears tultrein
unexpected trends, which cannot yet be confirmeth uill
confidence, especially that these fluctuations (eal as
measurements errors) increase significantly inpressence of
viscous solutions. This is clearly seen in thelwations of the
turbulent kinetic energies and the turbulence kvEhe delay
in the cavitation inception in the vortex chambéthwolymer



and corn syrup appear to be a consequence ofritriease in
turbulent kinetic energy, rather than a decreagshearrotational
speed or a growth of the viscous core. Howevesdtresults
are tentative and need to be revisited with an egogr, which
does not consider averaging the raw data, butratiheducting
analysis on the instantaneous data. This is tsdionless
automated, and will be one of our near future tasks
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