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ABSTRACT
This paperpresentghe resultsof aninvestigationassessing

therole experimentalfacility dynamicsmight play in determin-
ing the natureof a recentlyobsened instability on a cavitating
propeller(DuttweilerandBrennen1999). To addresshis ques-
tion, a theoreticalmodelof the facility dynamicsis developed.
Experimentsvereconductedo measurgheresponsef thewa-
tertunnelfacility to volumetricexcitationsof varyingamplitude
andfrequeng, andthe measurementarecomparedvith there-
sponsepredictedby the model. The dynamicsof the propeller
cavitation are characterizedby estimatingtwo parametergcav-
itation complianceand massflow gain factor) previously em-
ployed in developing a systemtransferfunction for cavitating
pumps(Brennen1994). Finally, the characteristice®f a model
for the completesystem,incorporatingboth the cavitating pro-
pellerandthe experimentafacility dynamicsarediscussed.

NOMENCLATURE
The following nomenclaturds usedto denotethe various
quantitiedisted below.

Crosssectionakrea.

Compliance.

Propelleradwanceratio, U /QR.
Non-dimensionatavitation compliance.
Dimensionalcavitation compliance.
Inertance.

Non-dimensionamassflow gainfactor

* Dimensionamassflow gainfactor
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Propelleradius.

Incomingflow speed.

Volume.

Inputimpedance.

Frequeng.

Gravitationalacceleration.
Polytropicconstant.

Massflow rate.

Pressure.

Time.

Position.

Propellerangularfrequeng.

Effective angleof attackof propellerblades.
Cavity volumeparameter(J, — J)/o.
Densityof watet

Propellercavitation number (p; — py)/ 3pQ2R2.
Angularfrequeng.
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Thefollowing subscriptsareusedto indicatethe locationwhere
or the conditionsunderwhich the above quantitieswere mea-
sured.

G  Gasaboveoverflow tankfree surface.

c Connectingpipe betweertunnelandoverflow tank.
cav Cavitationonpropeller

fs  Freesurfaceof overflow tank.

o Initial, resonantpr designconditions.

ot  Overflow tank.

p Piston.
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sv  Sealedvolumeof overflow tank.
Tunnelor tunnelcenterline.
Vapor

Propellercross-section.
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INTRODUCTION

A large numberof experimentainvestigation®f cavitation
(Shenand Petersorl978; Bark andvan Berlekom 1978; Franc
andMichel 1988;Kubotaetal.1989;Hartetal.1990;McKenng/
and Brennen1994; Reismanet al. 1998; Kjeldsenet al. 1999)
have focusedon the behavior of variousunsteadyphenomena.
Implicitly assumedn mary of theseinvestigationsis that the
phenomenabsened within the laboratoryfacilities accurately
reflectsthecavitation behavior of devicesoperatingn moreopen
conditions.Relatvely little effort (ShenandPetersorl978)has
beenmadeto considertheinteractionsbetweernthe dynamicsof
the unsteadycavitation andthe dynamicsof the surroundingex-
perimentalffacility.

Recentexperimentsinvestigatingthe behavior of a cavitat-
ing modelNavy propeller(Duttweiler and Brennen1999) have
revealeda cavitation instability characterizedy a periodic os-
cillation in the extent of cavitation both on the propellerblades
andin the vorticesshedfrom the propellerbladetips. An expla-
nationfor this instability was offered basedon insightsgained
from the partial cavity instability previously obsenedby several
investigatorsmostnotablyWadeand Acosta(1966),on two di-
mensionahydrofoils.

However, questionsremainregardingpossibleinteractions
betweenthe cavity volume fluctuationsandthe responsef the
experimentalfacility to this volumetric excitation. The current
work attemptsto explore suchinteractions. As evidencedby
previousinvestigationgBrennenl1994)into the behavior of cav-
itating pumps,the interactionof thesedynamicscangive rise to
“active” overall systemdynamicsthat canprovide a netflux of
enepy to the flow, greatly altering the natureof the obsened
unsteadycavitation phenomena.

FORCED OSCILLATION SETUP

To assestheresponsef thefacility to thecavity volumeex-
citation, testswereconductedn thewatertunnelin the absence
of cavitation. The outputfrom anoscillatingpistonwasdirected
into thetunneltestsectionthrougha shortrun of essentiallyrigid
pipe, asshown in Fig. 1. The combinationof piston diameter
(38 mm) and rangeof oscillation amplitudes(3.0 — 15.0 mm)
waschoserto approximatehechangen cavity volumeobsened
throughouthe cavitation instability cycle. The rangeof oscilla-
tion frequencieg0 — 12 Hz) wassufficient to includethe typical
instability frequeng of 10 Hz (DuttweilerandBrennenl999).

Overflov Tankf——~——~——~

ConnectingPipe >G

TestSection o P

+e>‘<p

Piston

Figure 1. Schematic of the forced oscillation experimental setup.

To ensurethat the motion of the piston was as nearly si-
nusoidalas possible the pressureof the tunneltestsectionwas
adjustedso asto balancethe pressure®n eitherside of the os-
cillating piston. The fluctuationsin tunneltestsectionpressure,
pt, resultingfrom the pistonmotionweremeasuredvith a pres-
suretransducemountedat the test sectioncenterline. Cross-
correlationsoftware was usedto determineboth the frequeny
andamplitudeof the pressurescillations.Furthermoreby mon-
itoring the outputfrom a shaftencodeton the motordriving the
oscillating piston, the phasedifferencebetweenthe piston mo-
tion andtunneloscillationwasalsodetermined.

MODELING THE FACILITY DYNAMICS
Beforeconsideringhe resultsfrom theseforced oscillation
experimentsamodelwill bedevelopedo predicttheresponsef
thefacility to the pistonoscillations.In developingsuchamodel,
thefacility is assumedo respondn alinearmannetto smallper
turbationsin the flow conditions. Accordingly, the quantitiesof
interestare expresseds a linear combinationof a meancom-
ponentanda fluctuatingcomponenbf frequeny w. The piston
positionandtestsectionpressurarethusdenotedoy

Xp = Xp+ O[%pe!'] (1)
Pt = pr + O[ e’ ®)

whereX, andfi; arecomplex andincorporateboththe amplitude
andphaseof thefluctuation.

As canbe seenfrom Fig. 1, the facility dynamicsare most
simply representedby a parallel combinationof a tunnelcom-
plianceandthe dynamicsof the overflow tank (containingthe
free surface of the watertunnel) and its associatedonnecting
pipe. The overflow tank and connectingpipe dynamicsare in
turncharacterizethy a seriescombinatiorof theconnectingpipe
inertanceandresistancandthe complianceof the overflow tank.
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Finally, the overflow tank compliances itself composedf two
compliancespneassociateavith changesn free surfaceheight
andthe otherwith the sealedvolume of air above the free sur
face. Thesedynamicelementscombineto give an overall re-
sponsdunction,relatingX to f, of

1
- pA (—+jooRc—m2Lc)
=R = "\Ca . ®

RN TS
Q[Qa*a)“w& ﬁu]

where,assumingpolytropic behaior of the gasabove the free
surface the overflow compliances givenby

1 — 1+i—i+i (4)
Ca Crs Co B oW’
g ka

whereVg representtheunperturbedolumeof air abovethefree
surfaceand pg the unperturbedressureof the air. From Eq. 3
it is clearthatthetunnelcomplianceaffectsthe tunneldynamics
moredirectly thanthe overflow tank compliance.

DETERMINING PARAMETERS IN THE MODEL

Several of the parametersn the precedingmodel can be
evaluateddirectly from physicallaboratorymeasurements:rom
the geometryof the connectingpipe, Re = 8.35 m~!s~! and
L. = 6.02x 102 m~1. Also, for a free surfaceat the overflow
tank midline and atmospherigressureabove the free surface,
Cts = 6.42x 1072 ms® andCg, = 1.05x 102 ms?, yielding a
total overflow tank complianceCy = 1.03 x 10~3 ms?.

Remainingo beevaluatedhowever, is thevalueof thecom-
plianceassociatedavith the expansiorandcontractionof thetun-
nel walls, G. It is possibleto obtainan estimatefor this com-
plianceby directly measuringheresponsef thetunnelwalls to
changesn internalpressureFigure2 shavsthedeflectionof the
tunnelat variouslocationson the exterior of thetunnel.

Five of theselocationswereon the roughly rectangulatest
sectionfront panel,which hasalengthof 125cmandanaverage
heightof 32 cm. Onemeasuremenwasobtainedpreciselyatthe
centerof this front panel. Two more measurementaere made
at the midpointsof the shortandlong edgesof the testsection
panel,2.5 cmfrom thesurroundingrame. A singlemeasurement
wastakenin thecornerof thetestsectionpanel,2.5 cmfrom both
edgeof the panel.Finally, ameasurementasalsotakenin the
centerof the panellocatedon the backsideof thetestsection.

Threeadditionalmeasurementseretakenon a large metal
endwall locateddownstreanof thetestsectionjmmediatelyaf-
ter theturning vanesdirectthe flow downwardtowardsthe flow
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Figure 2. Deflection of tunnel walls in response to a reduction of tunnel
pressure ¢ below an initial tunnel pressure Prg. Left plot shows deflec-
tion of test section panels — front panel center (A), front panel short edge
midpoint (o), front panel long edge midpoint (), front panel corner ($),
and rear panel center (X). Right plot shows deflection of tunnel end wall
near downstream turning vanes — 8 cm (o), 22 cm (A), and 47 cm (0)
from the supporting flange.

returnpath. This endwall was chosenasrepresentatie of the
lessrigidly reinforcedtunnelsurfaces.The threemeasurements
wereobtainedat varyingdistancegrom anessentiallyrigid sup-
portingflange.

Figure2 clearly shows thatthe amountof deflectionvaries
greatly with location. Not surprisingly the testsectionpanel,
constructedf thick glassandmorerigidly supportedy its sur
roundingframe,shaws lessdeflectionthanthewealer endwall.
Also as expected,the measurementtaken at locationsfurther
from surroundingsupportsexhibit greaterdeflection. Exactly
why somelocationson the testsectionpanelexhibit a delayin
theonsetof contractionis not understood.

It is probablethat other locations throughoutthe tunnel
(wheresize,shapeandextentof reinforcementaswell asmate-
rial varywidely) would alsoshaov similarvariation.Nonetheless,
it is possibleto estimatevery crudelyfrom Fig. 2 avaluefor the
complianceof thetunnel. Fromthedefinition of thetunnelcom-
pliance

. dv_ dvd
C=pi=pios

wherex; is the position of a tunnel surface, g—;‘t a slopefrom

Fig. 2, and éﬂxf the surfaceareaof the tunnel. Estimatingthe

tunnelsurfaceareaas75 n?, arangeof
75x10°ms® <G < 1.5x 1073 m&? (6)
is obtainedfor thetunnelcompliance.
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NATURAL FREQUENCY EXPERIMENTS

Neglecting the contribution of the connectingpipe resis-
tance,which is insignificant given the parametergletermined
above, the naturalfrequeny of the responsdunction of Eq. 3
is givenby

1 1
S P9 @)r 7
“"’”[LCC] ‘[LC<Q+AG+va 0

whereC~! = C5'+ Gt is simply thecombinedunnelandover-
flow tank compliance.The naturalfrequeng is thusa function
of theoverflow tank conditionsthroughits dependencenC and
thereforeCy:.

Experimentswere conductedto measurethis natural fre-
gueng atvarying pg. Thetunneltestsectionpressurevasper
turbedby the rapid closureof a valve connectingthe overflow
tankto the vacuumsystem,andthenallowedto oscillatefreely.
The naturalfrequeny wasdeterminedusinga cross-correlation
method.
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Figure 3. Variation in natural frequency with changing overflow tank
pressure. Experimental data (A) and theoretical predictions with over-

flow tank compliances C; = 2.50 x 104 (——), 4.00 x 104 =),
and 7.50x 1074 ms? (—).

Figure 3 shaws the resultsof theseexperiments. The ex-
perimentallyobtainedpointsare comparedwith the curvespre-
dictedby Eq. 7 usingseveraldifferentvaluesfor thetunnelcom-
pliance. Readily apparents the fact that the exact value cho-
senfor the tunnel compliancestrongly influencesthe rangeof
natural frequenciespredicted. For a tunnel complianceG; =
4.00x 10~* ms?, within the rangeof Eq. 6, the predictedvalue
of the naturalfrequeny (f, ~ 0.4 Hz at p; ~ 100kPa), exhibits
goodagreementvith the experimentaldata. However, the slope
of the theoreticalcurvesis substantiallylessand more nearly

constanthanthat of the experimentaldata. This seemdo indi-
catethatthetunnelcompliancemaynotbeconstanwith varying
pressurassuggestedby Fig. 2.

FORCED OSCILLATION EXPERIMENTS

To further assesshe validity of the proposednodelfor the
facility dynamicsthe phaseandamplitudeof thetunnelpressure
oscillationspredictedby Eq. 3 canbe comparedvith theresults
of the previously describedorcedoscillationexperiments.Fig-
ure 4 shows both the predictedamplitudefor the tunnel com-
plianceof G, = 4.00x 104 ms? determinedfrom the natural
frequeng experimentsandthe experimentallymeasureé@mpli-
tude,overafrequeng rangenearthe naturalfrequeng.
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Figure 4. Variation in |H ()| with excitation frequency, near resonance.
Upper plot shows the theoretical curve predicted by Eq. 3, lower plot the
experimental data.

In general,the theoretically predictedand experimentally
obtainedamplitudesshov goodagreementBoth exhibit areso-
nantpeakvery nearthe naturalfrequeny of f, ~ 0.4 Hz. Fur-
thermore pothshaw similarvaluesthroughtherangeof frequen-
ciesabove theresonanpeak. Not surprisingly the heightof the
resonanpeakexhibitedby therealsystemis muchlessthanthat
predictedby the model. It is probablethat the physicalsystem
containssomeadditionalunmodeleddamping. Also, the exper
imentally obtainedresonanpeakis muchbroaderthanthatpre-
dicted by the model. This broadeningof the peakis likely at-
tributedto the fact that the tunnelcomplianceis not locatedat
the endof a single, discreteflow pathasimplied by the model,
but ratheralonga continuousseriesof flow paths.In this sense,
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the physicalsystemwould not exhibit a single,well-definedres-
onanceput ratherarangeof resonances.

Finally, it is unclearwhetherthe experimentaldataexhibits
the anti-resonantrough predictedby Eq. 3. The resolutionin
frequeng provided by the experimentsis not fine enoughand
the lowestattainablefrequenciesare not low enoughto discern
the behavior of thetunnelresponseén the frequeny range(f =
0.05-0.35H2) whereEg. 3 predictsaminimumin theresponse.
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Figure 5. Plot of ArgH (00) near resonance. Experimental data (A) and
theoretical prediction of Eq. 3 (—).

Figure 5 shaws the resultsof experimentsconductedo in-
vestigatehe phasdag betweerthe pistonmotionandthetunnel
pressureoscillations,as well asthe phasepredictedby Eq. 3.
Again, the experimentswere conductedover frequencieq f =
0.1— 2.0 H2) nearresonancewherethe modelindicatesa dra-
matic phaseransition. The agreemenbetweerthe experiments
andthe predictionsof the modelis good. As expected though,
the physicalsystemexhibits a more poorly definedphasetran-
sition nearresonance Someavhat puzzling,though,is the slight
increasen phasexhibited by the experimentaldatathroughthe
frequeny rangeof f =1.5—1.8Hz

Becausehecavitationinstability obsenedin Duttweilerand
Brennen(1999)occurredat frequenciesiearl0 Hz, experiments
werealsorun at higherfrequenciegf = 1 — 12 Hz) away from
resonanceNo additionalresonanpeakswerefound, but rather
the responseexhibited a steadydecaytowardshigher frequen-
cies. While this seemsan appropriatebehaior for the physical
systemit isin markedcontrasto theconstantnon-zeraesponse
predictedby the modelat higherfrequencies.

CAVITATION DYNAMICS

The precedingexperimentdemonstrat¢hatthe testsection
flow conditionswill respondto the volumetric excitationsim-
posedby a fluctuatingcavity volumein the tunneltestsection.

Yet, the cavity volumeitself respondgo changesn thetestsec-
tion flow conditions. Clearly then,the cavitation dynamicsand
facility dynamicamustbeconsideredspartof acoupledsystem.

Essentiato understandinghesecoupleddynamicss deter
mining how the cavity volumerespondgo changingnlet condi-
tions. As suggestedy Brennen(1995)andTulin (1953)during
studiesof two dimensionahydrofoils,the non-dimensionatav-
ity Iength,!—:, is approximatelyafunctionof theratio of theeffec-
tive angleof attackof the propellerbladeto the cavitation num-
ber, 5. Furthermoresinceasproposedy Blake (1986)the cav-
ity volumeis proportionalto the propellerradiusandthe square
of the cavity length,thetotal cavity volumeis alsoessentiallya
functionof theratio &.

At agivenpropellerspeedthe effective angleof attacka is
determinecentirely by the massflow rate enteringthe propeller
disc, my, while the cavitation numberis determinecdentirely by
thetestsectionpressurey. It is thereforeappropriateo express
the variationin cavity volumewith a ando in termsof a cavi-

tationcomplianceK* = —p(‘l'c\,’—cp";‘v)mx andamassflow gainfactor

M* = —p(‘l"jv—nc;"‘xv)pt (Brennen1994). Finally, it is corvenientto
recasthesein termsof parametersnorefrequentlyencountered
in cavitating propellerexperimentsthe advanceratio J andthe
cavitation numbero.

* dVeav _ 2 dVeay
<o), we(S), @
.. dVeav) T [ dVeay
M= p(dmx)pt_ AXQR( dJ )0’ ©)

whereQ is theangularfrequeng of the propeller R theradiusof
thepropeller andAy the propellerfrontal area.

Equations8 and 9 demonstratehat it is possibleto deter
minevaluesfor K* andM* from experimentsleterminingcavity
volumeatvaryingJ ando. Figure6 shavstheresultsfrom such
a setof experiments. Here, the cavity volume was calculated
by combiningthe methodproposedy Blake (1986)with direct
obsenationof the cavity length.

Someinsightinto thesevariationsin cavity volumecanbe
gainedby consideringthat, basedon geometrythe effective an-
gle of attackof a propellerblade,a, is approximatelypropor
tionalto thedifferencebetweerthedesignandoperatingadvance
ratios, J, —J. Then,from the precedingarguments the cavity
volumeis essentiallya functionof the paramete, = (J, — J) /0,
with aconstanwaluecorrespondingo a constantavity volume.
Accordingly, severallinesof constang, areplottedin Fig. 6.

Giventhegoodcorrespondencieetweerlines of constang,
andthe experimentallydeterminedtontoursof constantolume,
it is convenientto fit the cavity volumeto a function of theform
Veav = h(€). Choosinga secondorderpolynomialh(&) = a&? +
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Figure 6. Total cavitation volume as a function of advance ratio and cav-
itation number. Propeller operating at 1700RPM.

b¢ + ¢, Eqs.8 and9 yield

2
K* = Soroo (2a&2 4 bE) (10)

L
= AXQRG(ZaE +b), (11)

wherea = 0.86 x 10> m® andb = —1.2 x 10~°> m®. Appropri-
atelynon-dimensionalized;gs.10and11yield valuesfor thedi-
mensionlessavitation complianceanddimensionlessnasslow

gainfactorof K = K2 — 0.2_0.8andM = M*Q = 0.05—0.20

ato = 0.2, overtherangeof advanceratiosinvestigated.

Thesevaluescanbe compareavith thoseobtainedby previ-
ousinvestigatordor cavitating pumps. For example,in thefirst
theoreticakalculationof thesedynamicparametersor a cavitat-
ing inducer Brennenand Acosta(1976) obtainedvaluesin the
rangesK = 0.05— 0.2 andM = 0.6 — 0.8 for cavitation num-
bersabove 0 = 0.02. Experimentaimeasurementby Brennen
etal.(1982)for cavitating inducersled to a larger typical value
of K & 0.25, but similar valuesof M = 0.6 atc = 0.2. Morere-
cently, Otsukaet al. (1996) examinedtheoreticallythe potential
frequeny dependencef K andM. At low frequeng they ob-
tainedvaluesof theorderof K ~ 0.06 andM ~ 0.6 atc = 0.17.
Thesevaluesoffer reasonablegreementvith thosedetermined
in thecurrentwork giventhesubstantiatlifferencedetweerpro-
pellerandpumpgeometries.

CAVITATION AND FACILITY
DYNAMICS INTERACTION

Recentwork investigatinghe unsteadyperformancef cav-
itating pumps(Brennenand Acostal976; Brennenl978;Bren-
nenet al. 1982; Otsukaet al. 1996) hasdocumentedhe im-
portanceof the cavitation complianceandmassflow gainfactor
in determiningthe stability of a systemcontaininga cavitating
pump. This canbe illustratedby consideringa very simplistic
systemincluding only the cavitation and massflow gain factor
Then,if the dischageimpedancdrom the pumpis infinite, the
inputimpedanceZ = %, hasarealpartgivenby

ala B 12

wherea negative value of 0[Z] implies a sourceof fluctuation
enegy.

Thereforejn a similar manneythe positive valuesobtained
for K* andM* imply thatthe cavitating propelleris potentially
capableof sustaininganinstabilityin thesurroundindacility. Of
courseary frictional resistancén thefacility will tendto coun-
teractandperhapsutweighthis effect. Moreover, if thefacility
dynamicswvereaddedo provide acompletemodelof the system
dynamics the systemstability would becomefrequeny depen-
dent.It seemdik ely thatspecificfrequeng rangesvouldemepe
asthe mostunstable.Thus,althoughthe basiccavitation model
doesnot indicatea particularinstability frequeng, the coupling
with thefacility dynamicsshoulddo so. Researchs continuing
to investigatepossiblemethodf completingthis model.

CONCLUSIONS

In aneffort to betterunderstandhe origins of arecentlyob-
senedinstability on a cavitating propeller potentialinteractions
betweernthe cavitation andfacility dynamicshave beenconsid-
ered. First, amodelwasdevelopedfor the dynamicsof the wa-
ter tunnelfacility. The proposednodelillustratesthe important
role playedby the tunnelcompliancein determiningthe facil-
ity dynamics. Utilizing a value for this complianceestimated
from directmeasurementsf theresponsef thetunnelto chang-
ing internalpressureggoodagreementvasobtainedbetweerthe
experimentallyobsened andtheoreticallypredictednaturalfre-
gueng, amplitudeof responseandphaseof response.

Also, valuesweredeterminedor the cavitation compliance
andmassflow gainfactorfrom experimentsmeasuringhe cav-
ity volumeat varyinginflow conditions. The valuesobtainedin
this manneroffered reasonableagreementvith thoseobtained
for cavitating pumps.Mostimportantly the valuesof thesetwo
parametersuggesthatthe previously obsenedinstability might
be predictecby a modelincorporatingooththefacility andcavi-
tationdynamics.
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