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Abstract:

The increase in marine transportatiorthe last decaddsasresultedin a rise ofthe different
emissionslinked to it. Amongst various detrimentagmissions of shipping activities,
underwater noise is known &gfectambient noise levels and hertbeeaten thdife (or even
survivability) of marine mammalsThis concern brought ¢hunderwater radiated noise (URN)
to the attention afegulators, considering the possible need to limitsdonmerciakhips, thus

resultingin a surge of interest.

As being the main contributor to the URN of hi the acurate prediction opropeller
cavitationand hence associatadise in the design stage is crucial for achieving reductions in
terms of emitted sound pressure levels. Whilst computational methods are developing at an
exponential pace ansb are prospective tools for the future, model scale experiments still
represent the most reliable and largely adopted appfoattie prediction of propeller radiated
noise. Despiteéhe importance of model testseing the only reliable tool faravitation noig
prediction, a benchmark data is rexistent for facilities all over the world to compare and

correlate their noise measurements.

Within thisframework,this paper presesithe first comparison of a round rolgstcampaign
amongsthe NoiseCoP (Community of Practiceof Hydro Testing Forum (HTF). Based on
the extensive experiments conducdfiest at Emerson Cavitation Tunnel (ECT), a reduced test
matrix is proposedo the forum memberdJniversity of Genoa (UNIGE) is the first member
to completethe testsspecified in the reduced matrand this paper presents comparisons
betweenthe test results dECT and UNIGEcavitation tunneln terms of measured sound
pressure levelspropelleropen waterperformance, cavitation observations and cavitation
inceptioncharacteristicsMoreover,jn orderto shed a light on the issuepbpeller cavitation
noise measuremes)ta series of investigations are carriedutUNIGE scrutinizing the effect

of hydrophone position, oxygen content, propeller shaft réieoiuate, sensitivity to thrust

coefficient and cavitation number.

Keywords: Model tests, Cavitation, Underwater radiated noise, Inclined shaft effect,

Systematic propeller tests, Round robin noise tests



Nomenclature:

V] Dynamic fluid ¥scosity[kg/ms]  Pam Atmospheric pressure [Pa]

Ae Expandecdblade aea [n7] Py Vapour Pressure [Pa]
Ae/Ao Expanded Blade Area Ratio Q Torque [Nm]

Ao Propeller disc area [m2] R Radius [m]

Distance between the acoustic centethefnoise source
and hydrophone [m]

-

GQrr 0.7 Radiughordlength [m]

D Diameter [m] r Fluid density [kg/m3]
Frequency [Hz] Re Reynoldsyumber

g Gravitational acceleration [mB  rref Reference distance (1m)

h Shaftimmersion [m] SPL Sound pressure level [dB]
J Advancecoefficient T Thrust [N]

Kp Pressurecoefficient \% Speed [m/s]

Ko Torquecoefficient v Kinematicfluid viscosity [n#/s]
Kr Thrustcoefficient Va Advancespeed [m/s]

Lkp Pressure coefficierlevel [dB] 4 Propeller blade Number

N Rotational speed [RPM] do Propeller efficiency

n Propeller revolution speed [rps] O Rotational cavitation cumber
P Pressure [Pa] v Free stream cavitation number
P/D Pitch ratio at 0.7R
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Marine traffic and general shipping activities have continuously increased during the 20
century and are still enlarginfHildebrand, 2009) During last decadedhe problem of
unavoidablempact of these activitidsasbecomeagreat concerandhencdarge efforts have
been spetrto limit this impact by improving the ship performances from the point of view of

general emissions.

As one of these emissiong)dekvatership radiated nois@JRN) and its effects on marine life
have beemnder the spotlighin fact, noise levels in the seas have increased, especially near

harbours, and this may affect the normal life ofrtieginefauna As part of their daily survival



marinemammals heavily rely on noise for swimming, communicating and looking for food
(Richardson et al., 2013; White and Pace, 20DQg to ths fact theURN controlis no more
limited to naval vessels whichas beerthe caseuntil recentlysince Wold War Il. The
significant number of research projects carried out in recent years at both national and

international levels reflects this increasing attention on the problem of shipping noise

As anexample, the European Union promoted different intevnat research projects, among

which the SILENV (Ships oriented Innovative soLutions to rEduce Noise and Vibrations)
projectwas directly centred on the problem of ship noi§gher projects, such as BESST
(Breakthrough in European Ship and Shipbuildireghnologies), despite not being entirely
dedicated to the problem of radiated noise, preskransiderable activities dedicated to that

field. In the last years, two further projects, i.e. AQUO (Achieve QUieter Oceans) and SONIC
(Suppression Of underwat&loise Induced by CavitationflSONIC, 2012) were directly

focussed orthe problem of cavitation related noiddoreover, the EU has established the

Marine Strategy Framework Directive @#D) to investigate and implement programmes of
measures which are designed to achieve or ma
environmentVan der Graaf et al., 2012 complementing the above activities JoinsBarch
Programme (JRP) 10, whi c h wavas establisHea wlithimitieo i s e
Hydro Testing AllianceNetwork of Excellence (HTANOE) andsuccessfully completeits

mission in 2011(AMT 2011). The members of JRP10 decided to form a working gtoup
investigateURN issues furtherThis working group whi ch was initially
Wor king Groupo ( NWG) , | ater has become ANOI
Hydro Testing Forum (HTF) as a longer continuation of the HNok, which was phased out

by then(AMT 2013).

The acoustic characterisation of stipay be a very difficult task, due to the overall complexity
of the object under studies and to the simultaneoasepce of different noise generation
mechanisms, whiclsometimesmay also interact togethefRoss,1976) One of the main
sources ofURN by ships is the propeller, especially when cavitafiAgrahamsen, 2012;
Arveson and Vendittis, 2000)Consequentlygreat attention is devoted to the acoustical

characterization of propeller cavitatigRenilson, 209).



Nowadays the study of propeller performances and cavitation is perftimoedh both model
scale experiments and numerisahulations. Actuallythe capabilities ohumerical toolsare
continuously improving thanks to thancreasing computati@ power and higher order
methodsare utilized for simulation afompicatedphenomenoBensow &Bark, 2010) Such
complex simulations arable tosimulatecomplex turbulent flows, cavitation amsrennoise.
However the latter is still a difficultask because ghe extreme computational cost of such
simulations and of the difficulties iaccuratemodeling of the broadband components of the
pressure fluctuation#s a resultmodel scale experiments still represent the most reliable and
largely adpted approach for the prediction of propeller radiated n@setschneider et al.,
2014)

Despite tle above described fageveral aspectdf model scale noise testigestill not clear,

as various scale effects on cavitation and noise or the effects of the characteristics of the
facilities where tests are conducted. Due to, tt@search institutgserforming cavitation and

noise testsare always interested ithe development of suitable testing procedure, to the
enhancement of the measuring facilities or to the study of scalwgtd be applied for the
prediction offull-scalenoise spectrézrom this point of view, international collaborations are

of great importance in order to share knowledge and to uniform as much as possible techniques
and procedures.

This is, as anexample, one of the main aims of the ITTC (International Towing Tank
Conference) anthatof organizations like the Hydfdesting Alliance Network of Excellence
(HTA-NoOE) andHydro-Testing Forum (HTE)ECT of Newcastle Universitgnd UNIGE are

both participantsof HTF. In particular,they are involved, together with a large number of
research institutes, in a working group devoted to the study of propeller radiated noise, the
Noise Community of Practice (Noise CoFPhe first important goal of thisrgup has been to
perform a round robin test campaign for the noise characterization of the propeller of the

Uni versity of Newcastle catamaran AThe Pri
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In this campaigntests ardeingcarried out in facilities with very different characteadst such
as cavitation tunnels of different sizes, the Marin Depressurized Towing(Baskclers et
al., 2013)and the INSEAN circulating chann@ostanzo and Elefante, 199%he comparison
of results obtained with such a variety of structures and then respective procedures

constitutes one of the more attractive points of the whole round robin campaign.

The model propelleused in the round robin tests campaigts been the object of extensive
tests at the Emerson Cavitation tunmeal the 1 tests in the campaignousidering a large set

of operational conditions and different configuratiamainiform inflow with different shaft
inclinations(Aktas et al., 2015and the real ship wake field reproduced in the tunnel by means
of a dummy model plus wire screeras part of the SONIC project activitiésktas et al.,
2016)

For the round robin it was decided to limit the complexity of the configuration, thus the ship
nominal wake field was disregarded, preferring the uniform infleth theinclined shafto
create an oblique flowondition.

In this paper the first results of the campaignith the reduced test matrexre presentedh
comparative manndsy using the test resultsarried out at the Emerson Cavitation Tunnel
(ECT)andthose obtained at théniversity of GenovdUNIGE) cavitation tunnel, which is the
secondnstitution, afteNewcastle Universitycompleting its series of tests in the round robin
campaign. The comparisomsclude not only radiated noise, but also inception tests and
cavitation extets. This preserstfurtherinvaluabledata for this interesting case study to discuss
possible issues and discrepancies in relation with the different characteristics and testing

procedues of the two facilities.
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2.1 The Emerson Cavitation Tunnel

The tests were performed at Emerson Cavitation Tunnel (EGR¢ &chool oMarine Science

and Technology at Newcastle University. This tunnel is a vertical plane, closedtoigula
design and capable to reach flow speeds up to 15.5 knots (8 m/s). The size range of the model
scale propellers that can be tested, vary from 150mm to 400mm dependindyqe tbitest

The round robintest campaignwas performed using Kempf & RemmseH33 propeller
dynamometer to power the propellér schematic representation of the ECT is provided by

Figurel.
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Figure 1 Emerson Cavitation Tunne(Atlar, 201]

The Kempf & Remmers H33 dynamometer, withdigpedeshapedutline, is commonly used

for openwater experiments due to its relativédygerrange of thrust and torque compared to

the Kempf & Remmers R45. The dynamometer is attached to the driving motor by means of a
Cussons type H1627 system for shaft height and angle adjustment, which faegitasting

for propeller inclination as well agawing pitchingandheavingeffects. The H33 is able to
measure torque values up to 147 Nm and thrust values up to 2943 N with maximum permissible
revolutions of 4000 RPM:urther details of the Emerson @ation Tunnel and equipmeoén

be found in (Atlar, 2011



The water qualityand temperaturef the ECT is monitored throughout all cavitation tests as it
has a significant impact on the measuremditts.water temperature of the tunnel water varied
betweem 23 oC t o 25 C dur i ngThetimel wateuigtsugbrooghtta he e
30% total gas content as suggested by the ITA01, 1987)ECT has a dedicated water
guality monitoring system and degassing system to keep the oxygen saturation level of the
tunnelat desired level. The tunnel water quality is recorded using two systems in conjunction
the first device which is MS5 mini sonde and its dedicated Hydrolab softwamaples
continuous monitoring of the water qualf§TT, 2006) The probes attached to the tigw$5
measure the water quality within a tubing arrangement through which tunnel water is
dischargd using a peristaltipumpg the second device is lrandheldmeter for dissolved
oxygen, from YSI instrumentdYSI Environmental, 2006) For the current study,

measurements are made using the latter.

The most commonly useabservation technique for the cavitation tunnel tests araitfe
speedcamera recordings aided with stroboscopic lightidach is synchronized with shaft
position signal. This enables freezing the image due to the triggered flash provided by the strobe
lights. Stroboscope lighting also accommodates the still imaging Mikbn D90 Digital
SingleLens Reflex(DSLR) camera by reducing the shutter speed in order to fit the image

acquisition into the short bursts of the strobe flash.

Noise measurements were recorded using a Bruel and Kjaer type 8103 miniature hydrophone
mounted in a water filled, thick walled ste
plexiglas window. This cylinder was glued onto the starboard window lattethe center of

the propeller boss when the shaft inclination is zero and at a horizontal distar&® wfrom

the shaftcentreline as presented Bigure2. The noise data acquisition for 1/3 Octave band

was conducted using the mditiffer option of the Bruel&Kjaer PULSE software which

triggers the system every 0.25 seconds for the next measurement. Each measurement were

recorded for 200 triggers or 50 second4skHz sampling rate.
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Figure 2 ECT hydrophone attachment configuration(View from top)

2.2 UNIGECavitation Tunnel

UNIGE cavitation tunnel is a Kempf & Remmers closed water circuit tunnel, schematically
represented ifrigure 3. The tunnel has a square testing section of 0.57 mx0.57 m, having a
total length of 2mThe nozzle contraction ratio is 4.6:1, allowing to achereaximum speed

of 8.5 m/sin the test seabn.
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Figure 3: UNIGE cavitation tunnel

The vertical distance between the horizontal sligt4.54 m and the distance between the
vertical ducts is 8.15 m.



The tunnel is equipped with a KempfRemmers H39 dynamometer, able to measure thrust,
torgue and rate of revolution of the propeller. The maximum revolution rate achievable by the
dynamometer i8000 RPMwhile maximum thrust and torque allowed on the are 10(PRB#N)

and 500Kg-cn(49.45Nm)respectively.

In accordance with ITTC guidelines the quality of the water in the tunnel is routinely checked
during tests measuring the oxygen content through an ABB dissolved oxygen sensor model
8012/170, coupled with an ABB analyser model AX40bree diferent oxygen levels have

been considered for tests, as it will be shown in detal®ation6.2

Water temperature during the whole campaign was between 17°C and 21°C.

In the present campaigtests have been carried out mounting the dynamometer with the
propeller upstream and positiogiwith the propeller shaft in correspondence to the centre line
of the tunnel test section. The same position has been adopted also for tests with inclined shaft

adjusting the height of the dynamometer

Radiated noise measurements have been carriedtbuhvee hydrophones, namely one Reson
TC4013 and two Bruel & Kjaer type 8103. The hydrophones are coupled with Bruel & Kjaer
type 2635 charge amplifierslydrophones configuration is shownFkigure4.

View from portside View from upstream
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Figure 4: UNIGE cavitation tunnel setup

One hydrophone (H1) is placed in a rudimentary acoustic chamber consisting in a small tank

madeof PMMA (Plexiglas). This hydrophone sitioned on the observation window below



the propeller and filled with water. The other two hydrophones are positioned inside the test

section, downstream the propeller and outside the direct propeller slipstream.

Fortheradiated noise measuremgmecords made of2 samples are acquired with a sampling
frequency of 200 kHz.

Following thestandard procedurgssually adopted at UNIGE cavitation tunnel, propeller
operational condibns are defined according to the identity of the thrust coefficient and
cavitationnumber Propeller revolution rate is selected as high as possible in order to maximize
the Reynolds number, but keeping a certain margin with respect to the limits of the facility and,

in particular, to the maximum forces allowedtbepropeler dynamometer.

For a given revolution rate the flow speed in the cavitation tunnel is usually adjusted in order

to achieve the required thrust coefficient.

The cavitation number adopted for cavitation similarity is usually computed with respect of

propeler revolution rate, according Equationl.

0 ""Q@ 0
™" 0 O Equationl
v 00 Equation2
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This rotational cavitation numbe(Equationl) may be derived from thaased on the free
stream velocity cavitation numbeEdquation2) multiplying it by the squag of the advance

coefficient.

2.3 Propeller Model s

Tests carried out are part of a round robin test campaign on the propeller of the University of
Newcastle deep V catamard@ihe Princess RoyaFurther details of the vessel can be found in
(Atlar et al, 2013)n accordance with the general aims of the round robin campaign, different

model propellers are considered, with slightly different dimensions and different manufacture



The propeller is a five blade fixed pitch propeller, whose nchisracteristicand detailed
design parameters for each section along the radeugseported iTablel andTable2. The
model popeller blade section offsetprovidedin Table 6of Appendix A

Table 1: Propeller main characteristicsand particulars

Full Scale Diameter [m] 0.75
Pitch Ratio at 0.7R 0.8475
Expanded Blade Area Raf 1.057
Number of blades 5

Table2ii The Pr i nc e scleBiapgller main phrtctldrs

X Radius mm| P/D nosetail | Pitch rosetail (mm) | Chord(mm) | Skew(mm) | Thicknesgmm)
0.2 75 0.8180 613.50 245.6 -6.9 32.0
0.25 93.75 0.8494 637.05 263.0 -8.1 30.2
0.3 112.5 0.8726 654.45 278.5 -10.2 284
0.4 150 0.8802 660.15 308.7 -12.3 24.7
0.5 187.5 0.8772 657.90 332.8 -10.0 211
0.6 225 0.8718 653.85 348.6 -1.1 17.4
0.7 262.5 0.8612 645.90 3524 14.0 13.8
0.8 300 0.8467 635.03 3355 34.9 10.1
0.9 3375 0.8216 616.20 280.2 64.0 6.5
0.95 356.25 0.7984 598.80 216.4 81.7 4.6

1 375 0.7634 572.55 0 101.7 2.8

The two model propellers have been manufactured with different scale factors, 3.5 and 3.41,
resulting in model scale diameter of 0.214 and 0.22 m foE@ME and the UNIGEmodel
propeller respectively.The two models represent the sagemmetry;however the slightly
different dimensions and possible minor deviations could represent further sources of

uncertainties to be regarded as part of the whole experimental campaign.

2.4 Test matrix

Tests in the two facilities have been carried out in two differenestaf the round robin
campaign. Actuallythe propeller was tested at the Emerson cavitation tunnel prior to the

official beginning of the round robin tests by the participafthe HTF Noise CoP. In these



tests a very large set of operational conditires considered, exploring eight values of
advance coefficientgranging from 0.4 to 0.75)three depressurization levels and seven
inclination angles of the propeller shéfanging from-9° to + 9°) This allowed to define a
complete grid of measuremenssimmarized ifmable3, for the characterization of the effects

of the inclined shaft on propeller cavitation and noise.

The performance of propellers are converdibnrepresented in terms of naimmensional
coefficients, i.e., thrust coefficient ¢ torque coefficient (§) and e fofancthee ncy (

variation with advance coefficients (J) as giverBoyation3.

RO —A) @ —h  — Equation3

Table 3 Systematic inclined shaft test matrixfor tests conductedin Emerson Cavitation Tunnel

Test Type
Open water Cavitation inception Noise measurements
performance tests | tests and observation
Shaft Incl. Angle 0, 3, 6, 93,-6 and-9
()
Cavitation Atmospheric Medium vacuum
Condition condition condition §v=8.1) High vacuum condition
(sv=13.9) correspondi i
fully loaded condition
(Sv=4.5)
J Range Tested 0.75, 0.70, 0.65, 0.60, 0.55, 0.50, 0.45, 0.40

The angle convention adopted for the shaft inclination during the tests was that a pogigve

was obtained when the dynamometer shaft (at the propeller end) was inclined in an upward
direction with the blade tip at the 6 o006clo
shown inFigure5. The experiments were repeated at both negative and positive angles in order

to account for the tunnel s spekEguelBrToed i | e a

propeller centre was always positioned on the tuoemderline



x (Flow Direction)

Figure 5 Angle convention for the conducted shaft inclination tests at ECT

From this grid, st operational conditions were then proposed for the round robin tests,
considering conditions characterized by different extensions of cavitatiogingfrom one
condition close to inception to that with severe cavitation. In additismas decided to perform

tests both in uniform inflow and with inclined shaft, but considering only one value for the
inclination angle. In order to fit with the limitations of all the facilities involwedhe round

robin campaignt was necessary tanit the inclination angle to 5°. This value unfortunately
was not included in the configurations tested at the Emerson cavitation tunnel, however it is

rather close to one of them, i.e. the 6° configuration.

These six operational conditions with the twaf$ inclination configurations were considered
for the Round Robin campaigithe operationatonditions are reported ihable 4 together

with the cavitation tunnel ain functioning parameters.

Table 4: Round Robin test matrix

Condition J Sv SN N [RPS] Kr 10k T [Kg] Q [Kg*cm]
C1 0.4 13.9 2.22 45.5 0.242 0.341 119.2 369.5
Cc2 0.4 8.1 1.30 45.5 0.242 0.341 119.2 369.5
C3 0.4 4.5 0.72 45.5 0.242 0.341 119.2 369.5
C4 0.5 13.9 3.48 36.4 0.190 0.284 59.9 197.0
C5 0.5 8.1 2.03 36.4 0.190 | 0.284 59.9 197.0
C6 0.5 4.5 1.13 36.4 0.190 0.284 59.9 197.0




Due to facility limitations it was not possible to reproduce the operational conditions
maintaining the flow rate at 4 m/s because Wusild result in gropeller thrust exceét the

maximum allowed by the H39 dynamometer.

Therefore the operational coribns were set at lower shaft revolutions and consequently
lower flow speed. In particulaB5 RPS were adopted for the propeller revolution rate, this
meango reproduce conditions with the higher advance coefficient (J = 0.5) with a flow speed
rather cbse to the 4 m/s of the reference functioning points. For what regards conditions with
J = 0.4 propeller revolutions and flow rate are instead significantly reduced.

The modified operational conditions considered for tests at UNIGE cavitation tunnel are
summarized inTable 5: Round Robinoperational condions modified for tests at UNIGE

caviotation tunnel.

Table 5: Round Robin operational condtions modified for tests at UNIGE caviotation tunnel.

Condition| ~ J sv sn | Va[m/s] | N[RPS][  Kr 10k | TI[Kg] [Q [Kg*cm
C1 0.4 13.9 2.22 3.08 35 0.242 | 0341 | 70.7 | 219.1
c2 0.4 8.1 1.3 3.08 35 0.242 | 0341 | 70.7 | 219.1
C3 0.4 4.5 0.72 3.08 35 0.242 | 0341 | 70.7 | 219.1
ca 0.5 13.9 3.48 3.85 35 0.19 | 0.284 | 555 | 1825
C5 0.5 8.1 2.03 3.85 35 0.19 | 0.284 | 555 | 1825
C6 0.5 4.5 1.13 3.85 35 0.19 | 0.284 | 555 | 1825

The analysis of discrepancies betweleafacilitiesd procedures and their influence on final
results is perfectly in line with the aims of the round robin campaign, thussidecided to

focus tests aUNIGE cavitation tunnel on the investigation of the influence of main tunnel



functioning parameters on @m&ured noiseThese analysesyhich aresummarized in the
following and described in details section6, have leen performed only for radiatewbise
measurements and, partially, cavitation observations. For the other tests only the standard setup
was considered. This may result in small disangpes between radiated noise measurements
and inception test&\s an examplecavitation inception may be slightly different in the case of
different oxygen levelsThis aspect concerrespeciallyfor the condition ose to inception
condition(C4) which is, as it will be shown, more sensitive to small variations of the tunnel

operational conditions.

According to this, measurements at the six considered operational conditions have been carried
out with different propeller revolution rate, namely 30 an&kRB%andother revolution regimes

have been considered only for preliminary analysis. In addititbe sensitivity of
measurements with respect to the cavitatiomberand thrust coefficient has been analysed

by considering additionatests defined as snilapercentage variation of the functioning
parameters (5% for the thrust coefficient and10% for the cavitatiomumbe}. This results

in defining four additionatest conditions for each main functioning points, the analysis of
these conditions allowalso to roughly deal with the problem of measurement usiogyt as
suggested byTTC (2002)

Finally, also different water qualitpamelyfor different levels oflissolved oxygen, have been
considered for radiated noise measurementss is partially required byhe particular
characteristics of the propeller operational conditions considered, ranging from atmospheric
condition withlikely limited cavitation to high vacuum with likely severe cavitation. Actually

the optimal water quality for such conditions is not the same, as a consequence three oxygen
levels have been defined to better fit with the characteristics of the acttatiapa conditions

tested. Of course, this allowed also to test the same operational condition with two or three
oxygen levels, investigating the influence of this parameter on radiated noise tests in

correspondence to significantly different operatia@miditions and cavitation extensions.

3001 PAT 1T AO PAOAI Oi AT AA OAOOO

Propelleropen water performanaharacteristicgthrust and torquedre usually measured in
towing tank, according to standal@TC (2008) proceduresHowever it is usual practice to



carry outthis kind of measurementdso at the cavitation tunnel, mainly as a preliminary
measurement from whicthe reference curve describing the propeller functioning in the

tunnel for the successive cavitation teaes derived

This was done also in present case by both facilities with respective propellers. From this point
of view it has to be remarked that, while fitvre ECT model propeller the towing tank
measurementsereavailable, fothe UNIGE modelpropeller,open water tesis towing tank

were not carried out

Propeller thrust and torqueeremeasured consistently with the test procedures adopted by the
two involved fadiities for the following tests. Tus tests at thECT wereperformed keeping

the flow rateconstantt 4 m/s and varyinthe propeller revolution rate. AUNIGE cavitation

tunnel fixed propeller revolution rate was considered and the advance coefficient was varied
by changingthe tunnel flow speed. In accordance witthe standard practice different
revolution rates were considered in order to check measureneggadency on Reynolds

number. Of course, revolution rates adopted for noisevestincluded.

Results of measurements carried out without shaft inclination &GhReverecompared with
measurements from towing tankVWarna by Bulgarian Ship HydrodynamCenter(BSHC)

and results are presented in Figar&he measurement of the propeller performance by fixing
the inflow speed and varying the propeller revolution shat@vedto underestimate the thrust

in the high advance coefficient region. The reaseimnd the difference may be attributed to a
combined effect of inherent low Reynolds Number in this particular region as well as the

measured values corresponding to the lower range of the utilized dynamatetar.

As it can be seemm Figure 6 some @screpancies are present, these are in general always
present when comparirige open water test results fraowing tanks and cavitation tunsel
However in the present casthe main responsible foine discrepanciesay be related tthe
adoption ofconstant tunnebpeedwhile varying the propeller revolutions which cause the
Reynolds number to vary from 4.03¥16 8.22x16 as defined irfEquation4.

0 w “e0
vy =2 , = Equation4



However, it has to be underlined that this measurement does not represent a general estimate
of propeller open water performances but the reference curves for cavitation tunnel tests, thus

discrepancies do not represent a problentHesuccessive tests.
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Figure 6: Open water characteristics, comparison between ECT and towing tank.

Tests performed &INIGE cavitation tunnehllowed investigation athe effect of the Reynolds
number on delivered thrust and tordoevalues ranging frori.6x10 to 1.9x16. These results

are summarized ifigure 7 while Figure 8 reports the comparison with towing tank results
considering cavitation tunnel tests at 30 RR&ording tothe presented results, the influence
of shaft revolution rate on thepen waterchaacteristics ofUNIGE propelleris practically
negligible in the considered range. Comparing results Withopen water testsome
differences are presergonsisting mainly in a shift of the advance coefficient of the 2%. The
presence of this shift wittespect to towing tank results is in line with previous experiences at

the UNIGE cavitation tunnel.
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Figure 7: Propeller open watercharacteristics at different revolution rates.
0.7
0.6 l,_,_\ — KT UNIGE
05 / \ = KQ10 UNIGE
0.4
" JUNIGE
0.3 -
0.2 ——KT T.T.
0.1 -=-KQ T.T.
0
=" J.T.
-0.1
0.2 0.4 0.6 0.8 1

Figure 8: Propeller open watercharacteristics, comparison UNIGE cavitation tunnel and towing tank (two different

propeller models).
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In this section inception tests carreout in the two facilities and respective results are
compared. Theound robin campaign representing gresentedctivitieswas not focused on

the cavitation inception assessnemlhese measurements have been thus carried out only to



obtain a more complete characterization of propeller cavitation behasouell ago collect

usefulinformationfor betterunderstanding ahe noise results.

Nevertheless, the comparison of inception measurements provides a further interesting insight
into general issues regarding cavitation testing and interpretation of modelescéis.

Inception tests at th&/NIGE cavitation tunnel are generally carried out fixing propeller
revolution rate and flow speed, and lowering the tunnel static pressure until cavitation appears.
The shaft rate is set as high as possible, in accordaticeheialready described equipment
limitations. A further constraint on the shaft rate for cavitation tests is giveéhebgeed to

avoid cavitation at atmospheric conditions, since it is not possible to increase the tunnel

pressure above the atmospheriegsure.

Usually, for the operational conditions of major interest, tastésrepeated, at least five times,

in order to check the repeatability of cavitation inception measurement and to increase the
reliability of results. In additioncavitation inceptin is measured for a rather wide rarmde
valuesof the thrust coefficient in order to obtain a complete characterization of the propeller
and to further verify the consistency of results considering the global coherence of the

measured inception curves.

Finally, the desinence of cavitation is measured starting from a condition with developed
cavitation, namely tip vortex connected to the blades, and slowly increasing the static pressure

until cavitation disappear

Inception tests at ECT are carried out by increasing the propeller revolution speed while the
inflow and tunnel pressure is kept constant. The determination of the inception and desinence
points aranade both by observations with bare eye as well as athitl of highspeed video
captures. Following the determination of the inception point, propeller revolution speed is
increased until cavitation is well developed. This is then followed by gradual reduction of the
propeller RPM for the determination ofgileence pointigure9 is a representative capture of

cavitation inception and desinence points.



Inception Desinence

Figure 9 Images of the cavitation inception and desinence points for propeller model at thclination angle under

high vacuum condition

Results are summarized Figure 10 and Figure 11 reporting for each measurement the

inception index at the corresponding value of the thrust coefficient.

Results obtained with different shaft inclinations are directly compare#&igare 12,

considering only inception curves for clarity

As known, the inception of tiportex cavitation is influenced by the Reynolds number
following the Mc Cormick lawiMcCormick, 1962) This may cause small differences between
tests cared out at different shaft rates, thieme in principle a fair comparison between
inception points could be done only at same revolution rate. Shaft rate differences in model
scale testing have a limited impact on Reynolds number and inception, nevertheless it was
preferred ¢ take into accourthis phenomenoscalingall inception and desinence indices to

a reference shaft rate (35RPS) according to the above mentioned scalimgdavted in

Equation 5

. £ Y
, £ Y

Equation5

In the plots both inception and desinence are considered, in addition, for UNIGE tests in
correspondence to the main functioning conditions, also the 95% confidence interval is

reported allowing to appreciate also the variability of the resultspafated tests.



—+— UNIGE - TVC inception

—©— UNIGE - TVC desinence N
—+&— ECT - TVC inception
—©— ECT- TVC desinence

Figure 10: Cavitation inception results, uniform inflow.

0.35

° f f
| |

—+— UNIGE - TVC inception- b =5°

—©— UNIGE - TVC desinence - b =5°
—+&— ECT-TVC inception-b =6° s

—©—ECT-TVC desinence - b = 6°

Figure 11: Cavitation inception results, inclined shaft.
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Figure 12: Cavitation inception results, efect of shaft inclination

As a first comment, the curves measured with and without shaft inclinabkrin all cases
rather similar In particular the effect of the shaft inclination seems langethe case oECT
resultseven ifitis clearly visible also for UNIGE teséxcept for the highest loading condition
consideredThis gives the opportunity to point out a possible issue related to the water quality
for tests at UNIGE cavitation tunnel. Actualtiie oxygen contéradopted for inception tests

(5 ppm about 55% of saturation atmospherigressure represents a typical intermediate
level, selected in order to have a good compromise for the different conditions considered.
However, this means that, moving to extriymaverloaded conditions, for which cavitation
occurs at rather high cavitation number, the nuclei content may be not sufficient and
consequently measured inception indices are likely to be underestimated and gsligihmity

less reliabldChahine 2004)

This problem seems not present for the operational conditions close to those selected for the
round robin tests. Actually, the dispersion of measured inception indices is not severe and
generally in line with typical results at UNIGE cavitatiomnel.

From this point of view, it has to be remarked that two blades were found to cavitate earlier.
This behaviour is deemed to be related to small imperfections or damages at blades tip and in
general the inception is defined when cavitation appeatbeonther blades, neglecting the

first two blades, in accordance witiiTC, 2011) Such anomalies are not raveen dealing



with the inception of tip vortex cavitation, as reporsdarexample ifPennings et al., 2015a)

even with model propellers manufactured according to ITTC stan@ams, 2011)

Coming back to the comparisbatween results obtained in the two facilities, inception indices
are similar for the lower loading conditions while they appear to diverge moving to higher
thrust coefficient. Actually inception and desinence curves obtained at ECT are characterized
by higher slope than those measured at UNIGE. For the purposes of the round robin campaign

it is of great interest to investigate the reasons for these discrepancies.

Water quality influencgsignificantly cavitation inception and desinepespecially in thease

of tip vortex cavitationAs already mentionethception tests carried out at the University of
Genoa may suffer of lack of cavitation nuclei at the higher loading condilikely, resulting

in underpredicted inception indices. Howevéhnjs probem should not affect measurements
for those conditins for which also ECT results are available.

Differences observed seem remarkable especially keeping in mind that tests are carried out
with relatively simple and ey repeatable configurations, i.e.ifomm inflow and inclined

shaft, without wire screens or dummy models. However, this brings to the attention possible
effects of propeller inflow; actually, also with considered configurations the speed profile may
vary from one facility to another. A fumér aspect, regarding propeller inflow, which may
influence significantly cavitation inception is the turbulence intensity, as discus@€arkut

et al., 2000; Korkut and Atlar, 2002¥peeds profiles are reported Rigure 13. For what
regards averagerrbulent intensity, values are 1.7% at UNIGE and% &t ECT.
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Figure 13: Axial Speed profiles of thdUNIGE (left) and ECT (right)

Areas reported in the plots are different, partially because of the different dimensions of the
facility and respective observation window&locities are different too, because at UNIGE
lower revolution rate has been adopted for the J = 0.4 conditionsDan surveyshavebeen

made for the advance speed corresponding to that conditignwvay, both speed profiles
feature some speed variations, with values increasing from the lower part towards the upper.
However, focusing on the area corresponding to gdteipdisk deviations are reduced: about

1% in the case of UNIGE cavitation tunnel, about 5 % at ECT.

To take into account possible effects of the speed profile, measurements at ECT have been
carried out inclining the shaft in both directions, thus inogptiurves are available also for

6°. These results are reported, together with those already shokigume14. As it can be

seen, the two opposite inclinationsuksn rather different cavitation inceptions. In addition,

even if the slope of the curves are still slightly different, the agreement between ECT and

UNI GE results is signifi cé&harelconsidered t er i f dat



Cavitation inception at 35 RPS, Inclined shaft
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Figure 14: Cavitation inception results, inclined shaft.

Further explanations fahediscrepancies in inception tests may come from the differences in
the operational procedures adopted by the two institutions and from the different definitions
adopted for inception and desinence assessmsranexample, the definition of desinence
adoped at ECT corresponds to the point at which the tip vortex is no more connected to the
blade, se&igure9, while at UNIGE cavitation tunnel the desinence is defasethe condition

for which cavitation is no more present. This easily explainy ECT desinence indices are
slightly lower than inception indices while at UNIGE desinence always occurs at cavitation
numbers higher than inception.

These dynamics are tharonsistent withdefinitions and with the theoretical dynamics of
cavitation(Kuiper, 2001) howeverthe gap between inception and desinence at UNt@&k

be also partially intensified by a sort of hysteragmscal of this cavitationtunnel. Actually,

due to the limited height of the facility, free bubbles in the flow are not completely destroyed
while passing in the lower part of the tunnel. Due to, this amount of free bubldeluring a

cavitation test maincrease, causing this hysteresis phenomenon.



Finally, during inception tests, the cavitation number is lowered acting on the tunnel static
pressure at UNIGE, on shaft revolution rate at the ECT. This may cause cavitation inception
(and desinence) to occur with different dynamigs.anexample at UNIGE ing#ion tests

may sometime suffer of a sort@élayin the assessment of the inception. Tdetayis usually

fixed considering repeated tests, ad hoc cavitation observations and, in general, considering
both inception and desinence curves. This has beea dlso in present campaign thus the
effect of this kind of problems on results should be negligible, according to previous
experiences, however it may represent a further source of discrepancies with the ECT.

5 # AOEOAOEIT 1T AOAOOAOQOEITO

ECT cavitation obseation techniques includdugh-speedvideo recording with continuous
lighting or with triggered stroboscopic lighting, still imaging us§LR and flaskcam video

with stroboscopic lighting

The most commonly used observation technique for the cawitainnel tests are the high
speed camera recordings aided with stroboscopic lighting synchronized with shaft position
signal as shown ifrigure 15. This enables freezing the image due to the triggered flash
provided by the strobe lights. Stroboscope lighting also accommodates the still imaging with a
DSLR camera by reducing the shutépeed in order to fit the image acquisition into the short
bursts of the strobe flash.
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Figure 15 Cavitation observation using stroboscopic lighting

Whilst observing blade images synchronized with the shaft speed simplifiegubtrasht of

the cameras, in nemniform inflow it is essential to record information on cavitation dynamics.
Therefore Nanosenshkigh-speedtameras were also used at 5000 fps in a continuous recording
mode for the nowniform inflow conditions. A high irnsity light source was obtained from

PlasmalLite continuous light, to allow a high acquisition rate for high-speeccameras

Cavitation observations at UNIGE cavitation tunnel are carried out adogtieg Allied
Vision Tech Marlin F145B2 Firewire Casras, with a resolution of 1392 x 1040 pixels and a
frame rate up to 10 fps. The lighting is given by a mobile stroboscopic system synchronized

with propeller shaft.
The three cameras are positioned as follows:

1 CamO: Positioned on starboard, pointing toward the propeller pressure side and its wake.
This setup is usually adopted to captpressure side cavitation; moreoveayitating

vorticesmay be also capturegith the help of light contrast.

1 Caml: Positionean portside, pointing to the suction side of the blade at 90° and

partially other angular positions.

1 Cama2: Positioned above the propeller, focusing the whole propeller suction side.



In the majority of cases the view from above is the most effective irideg cavitation

pattern on the propeller, thus only pictures frdam2are presented. Caml is considered too,

only for close to inception cavitation with inclined shatft, since in this case it could be useful to
focus on cavitation when it first occurBinally, CamO is disregarded since pressure side
cavitation was not observed and the other cameras are already sufficient to identify the presence

of tip vortex cavitation.

Passing to the analysis of results, cavitation extensions measured at the EChettNaGE

cavitation tunnel are compared in following figuprsvided within Table 5

Reported photographs show in general a very good correlation between cavitation extensions
observed in the two facilities. Cavitating phenomena are always analogosssting in tip
vortex cavitation and suction side sheet cavitation of different extensions depending on the

functioning condition.
Cavitation extensions seem very simadso,for what regards the dimensions of the bubbles:

- Conditions C1: Regular and Weeveloped tip vortex is visible, with suction side sheet

cavitation from about 0.8 R.

- Condition C2: This is the condition with the largest tip vortex extensions, vortices show

a ribbon like shape and sheet cavitation is present from about 0.7 R.

- Condition C3: Large sheet cavitation from about 0.5R. The tip vortex is almost
disappeared, with only cloudy structures shed by the sheet cavity at tip while a second
vortex (smaller than the one present for condition C2), is present at the trailing edge o

the sheet cavity.

- Condition C4: In thicondition,the only cavitation phenomenon visible is a weak tip

vortex

- Condition C5: A small but stable tip vortex is present, together with sheet cavitation
from about 0.9R.

- Condition C6: Significant tip vortexawitation with ribbon line shape, sheet cavitation
from about 0.85R.



As it can be seen, in both facilities, the effect of shaft inclination on cavitation patterns is

limited, only in the case of condition C4, cavitating vortices appears more often af the 9

position, otherwise cavitation extensions at different angular positions are always very
similar.

Table 6 Cavitation observation comparisons between ECT and UNIGE

ECT UNIGE

6 inclination angle 5 inclination angle
CLK=0, 242 ,22Z0. 4, G

CLK=0, 24 2, =22z0 indinationiangle



















































