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CHAPTER 1

| NTRODUCTI ON

Since the beginning of mariti me tirmmnrsgagitn @ nidn tee
advanceh@gttthdermtar i ne propul sion teeknastmwagyi dWEwregn tc
demand for high powbt-geneadrtibnoea rcdr aefntgsi.n eTsh efsoer power
require 1| ight weiogphetr aptreo pienl Itehres atutpahtir gchavik bwhit hgnakg
the craft mhdwealn@eist tagas ihomg i s a phenonmesnsownr evwha rcchu rd
body, such as a pr ophkedlitcdwe o/rapa rh ipd recf{faliruetdorsgudcuhc etsl
ivaporizes. This causes the inception of a cavita
cavity interests the suhcytdroammnabiiltdree od awai tpy olpend dtehr i
sectéclmmad | ength of the blade or hydrofoil. As suf¢
or propeller bl adewe rCeo ndveeaitg moepall e tperloyp ud vsoirds, i f no
in order to evade their adveesaesvdobbfireacti so nssyc ha nads nio
occurred due to the implosion of bubbles on the pr
rotational and advanc4 & peaevd st,atsiuocnh iass ignreevaittearb |teh.
propel Iperope( $€)r samd SLCPesrcavitating hydrofoils (S
t haydeesi gned to operatfed omwmgitmee STheer aawi tsartailng anc
contributes to r Mdbueiovd rit,th eshtevwatadrl e marsahl es t hem
whil e maintaini ngAddiltoiw nlael vieyl, oft thdrghues.peeds, t h

more efficiency than conventional propell ers.

The designs of conventional SC propellers and h
NACA profiles. The design optimization of convent
empirical performance data fThemact &rCHdastp osneankcia ISICy

designed through referencing the performance dat a
empirical and theoreticalegdaathacemtghahy hmcsdypraeami acre

and d&esofgnconventionally shaped SCPs and SCHs. T
conventional SCPs and SCHs heavily rely on this |
an obstacle when designing, opgttihmiumnicrogm veemd iiommad v gt
Such profiles could include sharp | eading edges (
on the profile surface to encou[rf]geUnsleipkaer a3 @&GRls fa noc
basedoobnwmenti onal profrlkeeexpermhiemential ap élad okcmenh chee
ref erfeonrcedlnconventionally designed SCPs and SCHs.
experimentation is extremely time consuming and
avai,l arbdldaitg hv eft igdngluit tay i onal fl uid dynamics (CFD) ¢
design pipeline by allowing marine engineers and

conditions and predict t.hrdimsertfharomagrhc et hoef uS@P so fan
such as the Reynolds Averaged NhowewrdrStakewsr Eqgw ad:

solution depends on the physics models i mplemente
to model comphasat eslepanudtted f | ow opnrveesnetnito niad tSHC&
SCHs. Furthermbees dgppnsevbennd time consuming t

the wuses wolfvedFsh suichh atsi IRRARNS&Empat aei asalilty reexgpui r

N



processompuamad ifoorsailaghloewt st i on to run to completio
time to set up the simulation. Hecoemedesia h yopwia
CFDPboadlssnot viabl e.

An alternative means for performance prediction

met hod (BEM). Whil & hded mmesr mioal lays awaiulrallee aGFD, it
resolve the cavitatingwiftlhwausi ggi fai csanntgllye sphroorcte
Therefor e, it can compl ement the commerci al CFD s
innovative SCPs and SCHs before proceedingeto the
However, the challenge that arises now is under st
reliable enough to be wused together. It is vital
' i mitations of each anpeptlhiocda bainldi ttyh ewhre ne nivte | coopnee so ft o
of innovative and unconventional SCPs and SCHs in

true because cavitating fl ow can beconse deuxet rteometl hy
presence of multiple types of <cavitations which ¢



CHAPTER 2

| DENTI FI CATI ON OF RBSBRARCHARXAHP SOBJECTI VES

Whil e there are recent and ongoing advancement
for flow prediction has been going on for many ye
as the lifting surface met wedeonfttkeed weorctoep ama redl
and empirical corrections. These methods were oft
coul d [&@Bc]cAptsurge of advancements in the early 199
| owr der , potenti al based BEM that was capable of
conventionally designed hydrofoils and propellers
cavitation, alternatingi encandonsapéer pavistsatrieoni de
truncat/d@®] TWhsi I[e the method is extensively valida
experimental validation of the method for unconve
BEM, wihimime,r @il alhi gbl CiFdDe It iotoy s are widely used to |
conventionally designed SCPs and SCHs, their wuse
day and practically used SCRBs-13nd MeCHmvare shell
compare CFD predictions to BEM and experiment al

i ndividual combinations of physics models and nun
i dteindy -aaplpll i cabl e combination of model s that can
mul ti phase, flow such as that i neBCe ptraowteh dirdGess
knowl edge, ti hnefroer miasa i lbiarbilteed egarding how wel |l t he
design purposes in a complementary manner. Theref
potential of wusing the BEMTiaddS &R santdh eS aH ednetsiifgine dc
the overall researarheoobjectives of this study

1. Theoreaxmgarpdiyvhe existing work on theg2bi ande 8l
l nnovativelLa&dwVviTp iBedsiupghn t hat it considers SC pr
wide range of suplemcalvi dtae i nlye cdoeadélt o pment s i n
for 2D SCHs, and 3D SCHs and SCPs.

2.Devel op a holistic understanding of the predic
and 3D BEM, specifically in predicting superca
SCPs with truncated TE sections.

3.Provide rigorous experimental wvalidation and C
BEM when i mpl ement ed-cfomrvedC@ i prnafli ldes i wgintsh non
4 . Develop a holistic understanding of the cavita
in 2D and 3D for nonconventional SCHs and SCPs

5.1dentify the range of operating conditions fo
understanding of the | imitations of the BEM ar
which the two methods can be wuesnetd fiineda compl em

O



I't is importandxitotinrod eBEMade Sdhleppddbi n st lta pADbl e

cavitating flow around conventional profil-es in |
existing BEM are docoesi @8Empkhegfitesawabhetofincated
of operating conditions. These theoretical develc

using FORTRABe aexkelkedeal bilvebsoabt e sponsors od. this

Thgener al p mo gwhd scskisoemalcjbehct i ve is achieved i s de
manuscripts along with the results obtained.



CHAPTER 3

SUMMARY OF MANUSCRIPTS AND NOVEL CONTRI BUTI ON:

This dissertation aims to provi de RAMNSEY esrov ivew so |
commerci alCHB afvtaavrhdadtlhee BEM as perf ormance predict
designed supercavitating hydrof oi 4mamunsdc rprpapsel |len
section, each manuscript is briefly summarized an
key findings dobementded oh phesmentation oér ahe ma
progression of the research conducted.

The 2D space was first considéeheeptetsingplBIEEMy twoh
it to consider SC pThoé it beadoewdet ilngerigi anhcs| aut beedt TeaErse n
l' i mited to, the modification of the geocmeitireyr itar e
Based on this, an executable framework was devel o
waal siot al mubt ggrae cmwmsley sobhdi higmi t apihy sodadilasy ac a o u s
be i mpl ementedtion pRANSEtsdlhewehydrodynamic perform
TEs. A thorough understanding of these physics mo
model s in more complex, 3D RANSE simulations.

Manuscript 1: Uncertainty Quantification of RANSE

Supercavitating Hydrofoils

The first manuscript quantifies the uncertainty
to predict the performance of 2D SCH in a wide ra
to identify a few sel eecd tcurntbulnend e nnso doef | sU RaANNDS Ec abv
be applicabl e for unconventionally designed SCH

systematic experiment al kpdiddy hami catnpdd ytf horfanagiicee t
gualviet &toimpari son of the predicted cavitation patt
2D BEM without any wake calculations is also compae
The works of this manustchr ilpntt ewenraet iporneasle nSyemp oasti utnh
(smpb6b24), March 2024.

The key contributions and novel findings in this
- The identi QijcasT otnurodultehrece model i mpPleanend te d
cavitation model to most accurately predict tI

- The identiRifdatribaud enfc et o d e | -pauerdc awitthat hen S
most accurately predict the.cavitation pattern

- A good agreement between the 2D BEM solutions
data for a range of cavitation indupescawdtang
conditions.



Whil e the novel findings in this manuscript nar
to be used for SC fl ow, a deeper wunderstanding o
reqguFuoetdher mor e, the BEM required more theoreticeze
These | imitations are addressed in Manuscript 2.
Manuscript 2: Analysis of Cavitation I nception ar
Supercavitating Hydrofoils

The second manuscript focuses on extending the w

of URANSE based flow control parameters on the pr e
i s also compared with tdredo2we vBeErM paetr k eohr icmsal nsced gpér j eadv
included. The predicted performance parcaomeptaerresd an

in ordder sbamd the range of operating conWhitd ons
manustcsiupmi tted to the JourTrealhnepfemdanignec8epénane
publicati on.

The key contributions and novel findings in this
- An improved understanding of the influence of
the predicted flow solutions in URANSE sol ver

performance par ameter s.

- An improved understanding of the instabilitie
refinement in the separated region near the we
the predicted cavitation patteatnesd.and perfor ma

- The devel opmentto oifmwea lked €l BEIMa swiotnts tf roufn @rdDt & HT
resionilgvavi t at i mag rfa nogne of opeTlheseg devwelldo g memtss
i mpl emented in an executable framework

- A parametric studynfiadatesarfyixmg,rceavesiat|aitnitgd mt h at
from the 2D BEM follow the experimental trends

- A parametri c |sithuday ffioxre dv aSCy icnognhde tp roendsi crteevde arl e s
the 2D URANSE solution follow the experimenta
BEM sol ution

- A comparison between the predicted cavitation
BEM which reveals the capabilities of bot h me
| ocati ons.

The findings of manuscript 2 revealed the key f
cavitation patterns predicted by the URANS and E
calcul ati 86BEMowbbBesBDcessfully integrated into i
significant i mprovements pertaining to the accur

>



devel opments made to the 2D BEM for SCHs with tru
with truncated TEs.

Manuscript 3: Experimental Validation Study of thi

The third manuscript focuses on the&f eamet hemefh MBI

3 Blade propeller series. The goal of this inves
performance predict-conveobiohal S€si whtah poofil e:
supercavitatinwplouaneist itdhres aarcdy evic ¢ d yorf a mihca npder refda ren
cavitation patoempasi snmowghh experi ment al data a
i nvestwegmetd veant ed at the I nternational)i@uonfoebreeance
2025.

The key contributions and novel findings in this

- The devel opment of a 3D BEM as an extension to

cavitating flow around SC propellers with tru
capable of evaluating 4 typeasyviotfatciaorn ,t asu penr pa
parti al cavitation on the pressure and suction
- An experimental validation study for the scarc

with truncated TE at supercavitating condition

- A comparison between the 3D BEM predicted cavi

At this stage, the 3D BEM for SCPs with truncate

of supercavitating conditions. Additional develop
cavitating conditionsitthwmds iuvi tcaolultdo commp alreeg .t ha s
solvers to evaluate the | imitations and capabilit

This was the motivation for Manuscript 4.

Manuscript 4:

The fourth manuscript focuses upon expanding the
aims to experiment &ahliTydvbadl ai ddea tper ot pheel IBeErMs faotr var i ou
to identify its a&mdaedl sobpses robfb uasptpnleiscsa boifl itthye al gor it
for oneo®EC®red with fURANSS rsaonlguet ioofnsoper atoi egac amadie
the accuracy of each method in various operating
Ssubmi Otcecdant &€ngi neering upon the acceptance of Man

The key contributions and novel findings in this

- Devel opmeBDOBEM ot h&&CPs wi t ht atonusnucpghebre 8 TdE S f er e
supercavitating conditions



- Experimental wvalidation of athé eBEM Rorcaaitatal
for a range of advance ratios.

- A comparison between the BEM and URANS sol utioc
the order of magnitude of 10%.

- A comparison of the BEM and URANS predicted p
which demonstrates that the BEM is <capable o
significantly | ower computational resources th

Through the mhprupcimpty objectives of thhe rese
devel opments made to the BEM for SC profiles with
the focus transitioned to extending the developn
performance and cavitatititoespatt dRANBSredi eerenweap
space and then in the 3D space. At each stage, 't h¢
oo her and experimentally validated.
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CHAPTER 5

THE BOUNDARY ELEMENT METHOD

The Boundary EIl ement Method to resolve the cavit

devel oped in several di fferent ways, each for dif
aspects and the numer iM ailn idweptlacime nftart i 8@ pIf o g ehlel e
truncated TEs. This version is an ekabehisclbnwasé t

specifically fof 180Tdhiésntsieocntailonprdoofciumnesnt s t he t heq
to BEhM for SC profiles with thick trTmeaBEM fTlEso @y
and numeri cal i mpl ementation for conventional pr o
(19P2MAear Ildidf eareracdt variation of the BEM for SC p
in Younfglfpeogpal of this section is to provide f
an insight into the theoretical aspects and numer

Geometry

I n order to understand the BEM, it is necessary
5.slhows the propeller, cavitation bubblodhgeometry
indicate the Wit pndiomatdée nahes . pr opehheirndiicatde ctoho
propell er cyl iTrhder iemali rceo ggredbimeatreys . of t he body and
the surface into quadrilateral panel stofRE)Thehid oe al
is in the choirswisethkhersepamnwinsé sori nr adhiea lnmodrsnrae c tdii
the crossf | odaanalnAgtl et hbee t oveeretner of e anchhe rpea nae lc oinst ian L
di stributi odowhdraee sieAic essidraindar coordinate system i s
3D hydrofoil BEM wherentdheecgekchddedald ther dionat a
is intThedpdopeller blade or hydrofoilYWsuorf awet tcad
(Y) The wake surfadce Nbs$ e dvectaenh eidnfcdsude t he cavitatir
surfMareof the cavitfYaing wake surface (

The wake sheet generated for the propeller geom
l ength and streamwi seaevahkpared!| ddisssaredtiizzaatiiomn iTrhet
dependent on the number of radial sections define

wake sheet is generated withifal dwxa&ndglag gdfe atft adk

N N



FigurkRr &bllem set up geometry description showi
propell er coordinate systems, direction of prope
cavitat i-m@gyv iatnat inogh r egi ons.

Since the BEM executables are developed for SC g

Trailing Edge (FTE)6 was added to the true TE of
al gori8t, M, 124 presence of this FTE influences th
predicted by the BEM algorithms. For example, in
is generated around the FTEthd®PrevapesofstuldeeBETHEad
significant infl yelric el RNgm ett hee | felssw Soolruttihams i nvest
consists of a smooth suction side and a concave S|
on the pressure side is an attempt to induce a | o

i nception of babbgbper waswirtrdotuleweddg- T E .

Problem Set Up

The constantwinfilsownvelheciaty.al direction and t
vel oqgi.t yrhef total velocity can be expressed as
@ ofufa oP ot i GG 6 1)

Whi ch can be written as:

Ny
<

B oy P a1 %o Ghuh (5. 2)

pra
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Her%,s the perturbation potenti%IlmwhAthtétatcehtesi

panel |l ies a consndoudlflcetBondt h headwmodedxe starmd tche it
and wetted surfaces on the solidoobkhldgxiantd -amet ta
cavitating wake panel s. The perffonurtbhad i ocoamipiont eech t we

cavitati %g wmustasasj sfy GreendsS5third identity gi

C* %o %o ORM — QY ko QY (5.3)

Whenes an arbitrary point anywhere on the pro
hydr ojffwoiull d be an arbitrary point anyihe+ties otnhet he

Greends fuindtsi ahewhlérsea ance bet waargée i sethweouai bi o
vectorr'],a—tgispotima psotirnearfjgstohbhrdcse t he pot enfiifias [ omapt ad

on the wake sheet. The integral is perf oY med over
YY) al ong wiatvhi ttahte nmgont "M . wa@ k 8.53s udEefisaccrei b(es t hat t he
i nducedniag g@oswmrm of potentials from tdhaeabt @mt ithieou
propeller surface and wake sheet. The same is app

I fi s | ocated on the pr opEedp I8arn Ibleadve idrt emy darsof o

T()J]I’ﬁ T %0 , o T% T %0 ,
“% %o —— O — Qi O - - I
G %o > T€D ansD nm Tép T€bp
q%oT—G‘hrn Qi
T€D
5. 4)
Whetbhe first integr al term sumoublhed atitdhdeuenc e
cavitating and wetted surfaces on thefsohied sboadyg.
present in th¥ )cawvlihteattihng dwake m ac dowrmktl ptfesre ntt h @
the cavitataivid adnadgrivawma e .r eNpiten s h(at t hed sdemeortsecr |
the upper (suction) and | ower (pressure) sides of
Now, for a conventionally shaped propeller or

cavitation bubbl eseefat bpatilrEtSe iti isf tl loec ap reaf iolne t he s
wake panel d3ectomers EdqS, Iflo,ll o,wleéelg: |

N O



T "am L 1 %o , T % T %o

™% %o ——— ONM — Qi "Or - - i
% % Tep rlrnTED rm Tep T¢€D
q%om'ﬂi CA A
Tep
(5. 5)

This is assuming that only back cavitation occ
paned¥%s %o S %. Ther ef3ther et, hegilvid® 3f rcoanm Eoge* %r nt t en as
¢" C%o  3%o. However, in the case of a SC propeller o
involved intnihe samsd upagrt tdife t he wake sheet i s ful
Thereheormgrredsure on both sides of the FTB%and the
L I n this daoudslt eveen-gatsht iogfn ha wake panels. This | e

%0 Yo
¢ — ¢“ % %o

q
TeIm T % 1% 1%
%o —— O — Qi 0 - - i
> Tep r]rh'l'sa rm Tep T¢€bp
%o %o T AN
: QI
q Tep
(5. 6)

Not e t 3%t %i ndoe t he LHSS5 ®bf ceaqmu aatl isaioh e wr i tt en

To solve for the cavitating flow around the SC pr
and an iterative met hodiddan i b i mgk bmedntasd ume s Eg h
irrotational, i ncompressible and inviscid.

Boundary Conditions

There are three main boundary conditions i mpl e

1. Kinematic Boundary Conditions (KBC) on wetted
2.Dynamic Boundary Conditions (DBC) on cavitatin
3.Kinematic Boundary Conditions on cavitating su

The KBC on the wetted surfaces states that the f 1l
in a Neumann boundary condition:

N I



— o (5. )7

The DBC on cavitating surfaces states that the
constant and equal to the vapor pressure of the o
DBC on cavitating sur fdeseg idredl vaske regions can b

g &€ O, wPb 11 ¢ ¢— (5. 8)

Wh e r i, s the vapor vel ocity iOn Otfh-¢ Oc asi ttahtei on
cavitatiaomisd nuigeirs the r ot a®uronads e piesedti me i ndepe
remove-ttehen. Now,apweé otot g1l can be represented in
coordinates as:

fp — 2% ¥ oy (5. 9)

P p

Where the totatuwelcbaonredaiensztdenpw ee@edhrd ef i ned as f ol |
O — oG — oEpid — b U8 p Tt

By asswutnd nlge | i[9,i]lbdaend i nt egr at i) ag qtuhaed read u at ieagrusa t fi o
of—can beBy oiuntdhat rmwgt correspondil)ng weo gtehte: str eam

— o O AITO OFT 98 (5. 11)
The above eqguation can be integrated to obtain a
potenti al in cavitating regions. Now, ) tthhe bwak e
negligible. This gives us:
— Wb s 512
By integrating the above equation, we can get
wake regiecnilniTamgr al equations for the DBC @n t he

are as f oblckams .beFirgeufreer enced to under stiand htehe vieinn
of the cavitation buwlplslte eraan, totftahdethienpdp EtEo Itihnei tb | faodre
5.13 will. be

NP



¢ (lfre) ¢ Upubble TE)

FTE

w
}

oD BLM:’ i Wake Sheet
Iy T .
oty ——— Plbuosters) \ .
IB _ :_J:
Vin lg i ly |
——> ! !
; |
¢ (lrre) b Lpubble TE)
Figur.e Ssx.hz22matic showing the I imits of the Dynami
hydrofoil surface, and in the wake.
%o 01 X %o 01 Mt WBR o AlTO OBET 918 w Qua
(5. 13)
%01 Fi g%oa M %a OfD 91560 &
5. 14)
While the Morino Kutta conditi oing%s tkat %satt hat t
the FTE, this is only applicable when the cavitat
the poiduted oTEBvhi ch, there exists a potentilanl j ump

the case of a truncated TE where the cavittoattihen b
bl aoche t he prtehes st eandiad aeld asp mloi ¢ & tnighednd i@tfpi polniacl al byl,e .t o
of the authorés knowl edge, previous studies have
case TWRWendfnorteh,i st adeoguobrlietth ni,he wake sheet are assi
average of the potenti al strengths &fl1l4.heThtiosp dainfc
from the treatment of the potd¢dathhelrei nhnsheadaké d

potential-%d h heéodFTE) ( the potential on the press.

TE is % dtedThis also differs from the treatment o

Fine (1992) [9] where dependd ng%obho thebecaw tating
is i mplemented.

The KBC on cavitating surfaces requires the to
to be zero. This :can be expressed through

N2



—w Al —o AiT@®@ OEi w (5. 15)

WhefQ¢e s the cavitation bubble thicknes)s.idn t|l
considered to be negligible. Therefore, the KBC I

— — % (5. 16)

Whefea s the cavitation bubble thickness in the

Smooth Detachment Conditions

The smooth detachment <condition is satisfied
thickness of the cavitation bubble at its incept
cavitation detachment psisnutr ei 9 fgntdaet eorpetrtadan nghd |
devel opment of a negative and unrealistic cavitat

Cl osure Condition

A closure condition is implemantdawdiltatihdd belkb
at the TE of a supercavitation bubble. Th@ rcl osur
WMto be equal to zero at its closure point. For ex

0 a T (5. 17)

Through the i mplementation of all the boundary
the closures Boodntnow,b&qresolved iteratively thr
on the propeller or hydrofoil geometry, Bbh&8re ex
summari zes the implemented conditions.

NT



Cavitating Blade Surface Cavitating Wake regions |

Vw % unknown
¢ known from DBC 22 unknown
——- h known from KBC P known from DBC
I.' \\m.knmrwlfmm KBC
|
I
Blade Section I

FTE , $in \

a=0

@ unknown

Closure condition 3;: known from
KBC

Smooth
Detachment -
Condition Wetted Region

3
2 unknown
an

7 known rom KBC

[ Closing zonelFake Trailing Edge (FTE) |

Figur®&chem®ati ¢c summari zing the different Boundary

I n cavitating regions, the source stdeunigtdas ar
strengths are unknown.

Numeri cal |l mpl ement ati on
Eqg5 3() is a Fredhol més integral equation of t
function exists both inside, and outside of the ir
pot et i aHer et 8reanEbe solved numerically, i n a di s
The system of equations is solved for one Okeyd b
on the propeller are accounttehde ffoal.l dwi md $aonmewdenretr ii
T NNCAMumbewetotfed panels on thentdl ade bubhydrof oi
T NCAV: Number of panels on the surface inside 't
T NCAVS: Number of panels in the wake that are o
T NW: Number of panels in the wake sheet
Consi diarsi ntghe numhiears otfhebltaodteasl, number of panel s

hydrofoil 0sag ftaltee, namlder oF o p ajweni stthien btlhaed iew & kEeqg. .
di scr ectaen fboer nwr i tten as

W 3%o 0 " 0 pFS FU )

NY



Wheokes dtohuel{l) eti nfl uence coeffi ci ebnitss tfhreg s oou rhceer
influence coefficientsifsrhdeonulbihdhtteuenoeffmomepwakent
panels 18Edqol ds tr ueSifmir,] &rdeyowme tt theed wakse .sheet :

~.,

0O W 3%o 00 T" %o Q pFB ho

B. 19)

Wh e ©ies dtoluef') ei nfl uence coef fi’Gisentthse,)fsroomf tsawe(f ae
coeffi ciceanvtig aft pamme Iwsa’ k &sn dtohueld Indftl uence coefrdaomients
cavi wakiengahe!| ot h5HWQ Q ft hatQipo®j nit f Qiphaenre It mend o n
t hbe section of tbe kty Sheage whel@wploe nt WQspamrelt he
of & hseection of the wakecshddtis lis tshati |l @ase¢ o the
in previOudgldiodbesnoted in the previous studies,
are introduced, t here are more unknowns than the
This is duedbaositlee npnkhneawn t he detachment point of
t he DBC. Therefore, for each <cavitation bubbl e,
unkn%wal ues to devel %pt mengtqhhat caviftant itome bubbl e
canolbbeerved5.i4h Figure

Vin

Cavitation Bubble

¢2m ¢1m

\ AP Blade Section
d’om:H

Leading Edge

Figu4e Ssxshematic to show the cubic ex%ataptoHeat i on
cavitation detachment point i terms of the

As discussed%i AQ%F Moo ¢% L 9P Vs, ng, the | ocal cur\y
af or eveay heectuibarc e%tcraap bleatwiron tfeamr as:

%o Y %o Y %o Y %o Y N 5. 20)
Wher e:

%od_ Tt %o

N &



%ok O %o

%o Ok %o

T%O T%o

— d a T

T a n T a
Ant¥ t & are coeff hceubeina sexftorrapol ati on. It i s i
algorithm i mplemented in this study, if the extra

term of t hebDIBQ ,( etghueant itohne sgquare root term from |
Thi s swlcenrt wo bubbles on the same side of the bl ac
t o eacohr athheerbl ade section under consideration was

Once the discretized boundary 18ocomthilt icams faorre ewn i
SCPs and SCHs wibhhatsum¢bhbed waks to fBWitt deascfewe
modi fifcan i panistf h I tersuuncat ed TEs

Looking at the sol uwi ©OilB et i Gljss son tthhee kperyo pbellal de
hydrofoil surface:

o .Y %o Y %o Y %o o .
. %o %o
6 0 0w @ ——
C
o w 6 » & YO o W
Y n o, 0 & ¢ 0¥ &0 NQEBENIOG GQQQ pB Y
(5. 21)
Wher e:
: o YO ®

T YOO pif bubble is Yipeartabubblténgsandt supercav
T 0is the bl adkoulolndtl adecpacneéfficients

T 6is the blade to blade panel source influence
T 6is the wake to bl ade panel source influence c

T wis the wakedawhlIbdtadenpanedbef fi cients

Il
<



T wis the value of the perturbation potenti al ca
T o & is the value of the source calculated fro

Note that for this study, the BEM is developed f
truncated TEs. This differs from the[ QJuinest cad i
equali i2d® si i ocated on the cavitating wake sheet:

0o ., Y %o Y %o Y %o o
n = w2 Qo %0
O v w —_— ™uw
G
0 0O w 8 o'Wy Y n ,
O£ ¢ 0¥ 00 NQELHTNIV GAWNQO | Q pBH 66 Y
5. 22)
Wher® si foon stthrei p of the wake sheet:
, 6] YO 0 T
Ot her wi se:
: @) YD o
I'n £@2,
T Ois the bl addeouloindtlakenpanedef fi ci ent s
T E is the blade to wake panel source influence
T G s the wake to wake panel source influence co
1 wis the wakedaowb Ibdtladenpanedef ficients
f wis the value of the perturbation potenti al ca
T wis the perturbation potenti al calcul ated fro
T w & is the value of the source calcul ated fro

I n bos BlBgaal, the LHS includes the unknown vari .
variables from the boundary conditions. dOnuhlhet L H.
strengths in namem&wiotwat.i Whermregidpndshetsimgt RAS8) t ahén
regions and the -sauiftat scatrkecerogpphemMbbe hwo equati ons

N



combined into a syst®&nm ofO aengdu atthieoyn sc aonf bteh es ofl ovrend |
initial guess.

The algorithm is first iteratively solved for t
taken as the first guess aslesekopedi bor t.o hTehhee a g iy
cavitating solutieonitaimnmesngl.veegrianitvwo |l pamptss

The first part identifies the presence of cavite:
or hydrofoil. This is doneonbyeaccthmptaimeendef heedabvapl
of the operating fluid. I f the pressure on a pane
flagged as cavitating. I n this manner, each secti
nomnwda ating, cavitating on onAdytdiomrealsliyd,e,t hoer sctaavritt
of each cavitatidAn bbbl starge ,i cdarcthi fsieed.i on can |

and the back.

The second part focuses on introducing utrtehewake
refitnhiengt ype of cavitation. For each section, the
the cavitation bubble from the first padbotc uinse nutsse d
the different types of cases that the current alg

bl ack. The red dashed | ine indicattes tthe dawv.t dtaisd
The column on the | eft indicates the idenfTihei ed c
coluomn t he ndiglates how the cavitation pattern i s

reattachment points.

fTWUqR3IVT W9 ¢c2RaPdIt YT21T W9¢2RacC q

FigGr& Treat ment of different cavitation patterns
and reattachment points. FI ow direction is from |
FTE in a dashed red Illei nen blddiethe cavitation bubb



Once thedawuwmbkmlndtweaour ce strengths are resolved f
calculated through the KBC on cavibtiad.i nAs reagd omisb
Gaggero & Bri zz[oll 3,rlab h(e2 OpOadr,t i2a08 9dfe rd avm t b ev erse [d Ina cEeqd
di fference formulae to obtain an iteratiwa) funct.i
using the preceding cawiphfy p) hiidhktees goulnattii®m sat ap
denotwealndyt he cavity thickness can be expressed as

o -~—H~ yp A _F 0y T (5. 23)
Wherd@iik are the | ocal curvilinear coordinates
direction,Threesgedetmavelcy.in Figure 5.6 is similar t
and demonstrates the cavity thickness calculatior
surface, thethéasuriaoespahews and the red dots i
centroid of each quadrilateral panel
hl—lm
hlm

Figue®&chemati c showing the finite difference met
bubble thickness.

I't is important to note that while the same me
wake for SC conditions, the cavity thickness on th
at the FTE on the blade section.

Once the cavity thickness is calculated, the smo
I n each iteration, the davVviutpasttirecrmm whhldeo emlsa T feannn

T The cavitation bubble thicknegpoiing not negatiyv

T I'f the cavitation bubble reattaches to the bl ¢
not significantly positive at the reattachment

T The cavitation bubbles present on the hydrofoli

Il
@)



T There are at | east 2 panels between two separas

or hydrofoil to prevent overlapping bubbl es
The user can specify the number of iterations i
when at | east 3 consecutive iterations produce th

bubble detaches andesl|l osebs dHbwevepbpsssbmettitimat th
or closure points may fluctuate between two panel

bet ween. I n such an event, it becomesvd mptoersa thil en
Thus, the iterative | oop continues until the maxi
the algorithm moves on to the next step. Whi |l e |

investigation,hnma csapnl ibte piammpelle naelngtoerdi tt o resol ve t hi
(1992).

At the end of the iterative | oop, t he forces ar «
the pressure at each contr ol point on the surface
is for SCPs and SblEsewicthhitmarunoat €éd BEsSuUmMmed. Ther
encompassed i n a fcayietxaetritoend bounb bilte. wiihtilis &g te srsaurr rea

to the trdariTEgsuhé&éa€téerce calculations. Additiona
alwletteds surface

I'n this manneavi aatimgts al utmioan of the fl ow arou
initial guess to iteratively solve the system of
third identity, DBCxatiamd KBEs .sol nd ccialalbedtf 6 2UL b e
strengtelso |l atrdeeknamudsed to calcul ate the cavity thiclk
of the smooth detachment and exlitdisuriet ecrcantdivtei d noso,p
on to the umd>xuls gtpghees iaftii @dh maxi mum number of iterat:i

The source code of the BEM algorithm exe¢tntable
andp®0O0gramming Tlhewgsagese code is compiled using
Fortran Compil er 2 0 2aaMa .h2 K[elrmtad | (LR)br&a4]y) (wKtLh t
generation for ther exessuitdoodnlee tdmad uaglhl MAGELAB.
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CHAPTER 6

TMB-BL ADE PROPELLER SERIES BLADE GEOMETRY GENE

The THBBad8e Supercavitating propeller series we
BEMIhere is a severe | ack of recent , experiment al
truncated TEs due to which this particular propel
tested in the 1960s, tthheda ddlaanoed EPeso. meltor  hree saaurhthlo

this propeller series is one of the few propeller
documented performance data andegebdnaedter i gteldemed e syc
validation studies was generFaotredt hbys rreefaesroenn c iintg

document the process f aroldeewesd utsce dg @ me rt.ahtee stubmeea i fcaar
provides an overview of the approach taken.

To generate the specific propeller geometries,
Table 1 in the DTMB Report 1432, AExperiment al Pei
Hecker, J. G. Peclk2] Bmes &N.v &AL ueMs Dwearaé dt hen used t
geometry through the process des®BiiabWed iSumpetheawDil
Propeller SeridssdUsdiyngaashdrdéiegagiies obtained from

[2], the maxi mum ntohpenalsiszed camkermnant he maxi mum n
for the avdathomadidé section is determingd7From F
These figures are documented in Appendix A for ref

Figérle shows the propeller profile noh&ihsl!|l at ur
the chord | engt hwiosf tehaec hc a nabde ra | @inssepcrtiei sosnu,in iec lsm e € s
section directly above the cambered surface on th

From Tulin's Theory
— ——— Modified to Increase Strength

Nose-TaTl Line _I
>~

Figure 4 - Supercavitating Section Calculated from Equations [4] and [6] Compared to
Section Calculated from Equations (4] and [7]
CL =0.2, a = 2 degrees.

Fi g6rleMBnodi fi ed propeller blade section profile d

The pitch and the chord distribution for a pro
repor tl1J12rde5f e[r emece¢pr kekbaotvs the normalized radial

—T—Sis the pitch to diameter r atOlfOm @y, vidglddd by et he

P



chord to propeller diameter ratio. Lastly, the pr
any variations inltithe hei tselctarmdarlake twehl Wlad.f ered

process dRegpomitbed 4i5n [ 17] , then the pitch from th

sectional propeller rake was manuaasl lweAme e&exearmpd ef ro

propeller design chart is seen in Appendi x B.
TABLE 1

Coefficients for Obtaining Radial Distribution
of Pitch and Blade Qutline

P/D 1
‘ /D), , D
0.2 0.974 0.3%2
0.3 0.979 0.382
0.4 0.984 0.382
0.5 0.990 0.381
0.6 0.995 0373
0.7 1.000 0.351
0.8 1.006 0.306
0.9 1011 0.230
0.95 1011 0.167
1.0 1,010 0

Fi g6rZeMB propeller blade section pitch and chord
taken fr oBn Qals9t59) H.17]

It i's important to note that di fferent SoOuUr CEe
Therefore, it is possible that t he rdeisswmintésp,a hey I
experiment al data is a consequence of the differ

geometry.
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CHAPTER 7

MANUSCRI RMhckrtainty Quantifioadelonn fodr RAWGIEO d
Performance oHy®&uptochsitating
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ABSTRACT vapor pressure of the operating fluid causing the fluid to
Innovating, testing, and design of supercavitatingaporize and form bubbles at the blade surface. This can
propellersandhydrofoilsusedin high-speedmarinecrafts structurally damagthe propellers, cause noise, and affect
can be time consuming and expensive. Various numerigarformance. Propellers on higbeed marine crafts
methods and Computational Fluid Dynamics (CFDdperate in the supercavitating (SC) regime, a condition
models can help in the design and optimization processglerethe cavitationbubbleis longerthanthe chordlength

and hence improve the efficiency of the productionf the propeller section. With the increasing maximum
pipeline. This study explores the cajiitiles of Unsteady power of outboard engines resulting from technological
RANSEbasedCFD simulationsandapotentialbasedlow  advancements, there is a need to design new, high
order,2D BoundaryElementMethod(BEM) in predicting performarme supercavitating propellers (SCP) which can
the performance and cavitation patterns for a Z2eliver large thrust at high speeds with limited maximum
supercavitating hydrofoil. The goal of this study is tQjze. Innovative designs can only come from innovative
quantify the uncertaty in these performance predictiongpercavitatinghydrofoils (SCHs)thatcanbedesignedy

approaches by validating their results against a"a"abrll‘ﬁmericahydrodynamicsimulationmethods(Vernengoet
experimental data. The study revealed that unsteagy 2016).

RANSE, using théQ 1 turbulence model and the full

RayleighPlesset cavitation model predicts the modefforts to computationally predict the performance of
accurate  hydrodynamic  performance  parameter8CHsandSCPshavepersisted fomvery long time. Tulin
However, the most accurate cavitation patterns wef&962) summarizes some of the early methods used in
predicted using théQ | turbulence model and the cavitating flow predictions. These approaches include
SchnerfSauer cavitation model. The low order BEM alsdlifferentlifting surfacemethodswhich reliedonthelinear
showedesultsthatagreedvell with theexperimentatiata, —cavity theorythatwasapplicableto only thin SCPandSCH
especially considering the approximation of the model. SectionsHowever,inaccurateutputswereobtainedwhen
furtherinvestigationon theinfluenceof controlparameter this numerical approach was implemented to propeller
in CFD simulations showed that seed density and sesections with large thickness values and rounded leading
diameter can have significant influence on the cavitatiadges (Fine and Kinnas 1993). Moreover, these methods
pattern prediction. relied on multiple assumptions and empirical corrections
Keywor ds (Young and Kinnas 2003). During the 1990s, the
Supercavitation, Propellers, CFD, BEM, Uncertaintyf ROPCAVmethodwasdevelopedKinnasandFine1992,
quantification Fine and Kinnas 1993), which is a lawder, potential

. L basedBEM. It is nonlinearin naturesuchthatfor aknown

1f NA§?O9Nf s ) cavitation number, the cavity extent and location is
Over the last few years, there has been a large increasginown. It is an iterative method that can predict steady
the demand for outboard engines for higieed marine partial and supercavitation for SCPs and SCHs for
crafts. To minimize the weight and size of enginegonventional propellers. Further developments by Young
propeller_smustrotatefastwhile advancingithighspegds. and Kinnas (2003) adapted this tmed for cavitation
Conventional propellers are adversely affected in sugfegictionof SCHsandSCPswith truncatedrailing edges

caseglueto cavitation.Cavitationis aphenomenomhich  (Tg)  additionally, they validated their method using
occurswhenthe pressureon the surfacedropsbelowthe  experimental data from Matsuda et al. (1994).
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Flow Models

"Q | TurbulenceModel "0 1 TurbulenceModel Laminar
Cavitati Turbulentflow | Transitionaflow | Turbulentflow | Transitionalflow
avitation

Model SchnerfSauer \Y \Y V \Y \Y

Full Rayleigh

I't is important to note thhe dcuaep atboi Itihtei elsi miof e dv arviad U sa |
experimental data on SCHssapdr8@pstaesmegcifalolws i ar @D s yt
results of this article ®prefuanmadatedndgaianst aekper pm
data from Parkin (1956). BEM and the wunsteady RANSE m
Recent advancements in C&rﬂ&dtnéttloenxaﬁerljlﬁhelndtalﬁg Aa2n? & sf r o
(CFD) and various numeri cd? mEFALHAE H8%% vii9gUeld® o -

means to predicted propeldl'élfebﬁp?opﬁ'ngﬂgé‘t'|'ﬂ"“Q:aW/LF’?IE§

conditions with increased QCHUFSE§/a'rUnyste%gjé§/r AnI.\QSEthe
based solvers with aneitaifbft MBREPICR 4 Ssqll'n‘?hr?t' ied by
operating conditions. Theag@é@sbftlﬁﬁeg}éa'meqmlo%se)ﬁo%erédn
sections are still being C&YhIEEFEEQRN ( Weiintebn'gho Bfveediyct irg
Gaggero & Brizzolara 200959MBAERYdstudies have also | ed
the advancement of the BEMOMPUTAT ONALf FIL wiIsD DA gHMIeCD (&F
BrizzolarnddR0DOh t o alternhhei 2B PBPEMf by mAhce &rediction
Kinnas (1993) and Young &t Kibwmlaend¢ 0®@N)d. Aavi tmgptoir d m n tmo
motivation for th continsecutlavéeloopgmamte dfa speodt eonnt i talH e f
based numerical methods i Stbkebsr Eqompubasi ¢ RANSENL i Tiuer
Despite the accur acys osft uudnysitt le@diymdrddeNlS @  imolde hi Transit

2D simul ation required fovew 1iZ00mogeloe@ssci g athudr bul ¢
approximately 2.5 days otranmeti oMhemedel tHepe@mdiemg i al
fl dowsed method required madgl .1 Tphreo cfelsoswo ri samd swasi mul
compl ete in approximatelyLd4d$tlsegcopoadasitation is simulat

The goal of this study |SS?‘6e oA E r FPY LetsesFept y I npopdgehl oy 0T by | 4€
the scope of supercavita |n&'ffIeormﬁntbf}%%‘fnemm‘%%“sjméshﬂ)g
unsteady RANSE solvers améDnBROUNDARX!| ELNMEeVIEINDG d BIE T HDDr ¢ BE M)

60.452 mm The potenti al fl ow based nume
study is a 2D BEM from Gagger

w and Vernengo et al. (2016) .
—> (Kinnas and Fine 1992) but mo
geometries with t¢(Youoage@O0O0P2Hn
9°40'REF7 i Assuming a uni form, potenti a
‘ 217-1R7mnf'/ 10.160 mm di stribution of point sources
surface and wake, the pertur

FiguCérl:ular AT ¢ Hydrof  arpitraoyn phientcombi ned wett ed
with the closing zone of sQ@r3acat ofihénuls’t h P dedey t'Gaiglein'
edge seen in blue.

"0 — QY 3% QY

(1)
erent arbitrary
he Greends funct
e

dniasfd a ngcned Kt ehtew e ¢

¢" %o %o

Whenes a diff
the vWalk,is t
inverse of th

unit nor mal vector to the surt
over which this integral i's p
FigureTaken from Fine ( surface, cavitating surface,
' . .?bbrng {(\éd iafsd respectively.
shows the cavitati™Magndoi an wg redbonsg
. observe gure 2. To solyv
the wett™®d surface on the hydrofoil and in the w

(0]



dynamic boundary condit i otntse carreet iucsaeld i(nkpBlCe naenndt aD B ®)n. an
The kinematic boundary comrdédermtn iom Fiheewel19@d) sulvbang
requires the flow to be tBnpgenol apat feo0o98)face. i Bhe mpy!
boundary <condition on caasgwameésgi mwigsdwinds, omcomer & o9 il
surface and theewasle er é ouhtdhcaeistcitadve at llyl wt,loef acra vti i iag i otnu dy,b
be constant and equal t o tthree wa&pegoti spnessuopepofedhe f|

Lastl vy, the kinematic bo%%ﬂ@éﬁ/lM%%'?ﬂLtéEoTnsupon cavitati
surfaces requires the veI@)gﬁéryl R ind bt Lhe ro&Viptayr kSi Y
to be zero. I n addition lg,qcetrteélntbyoudupaanrtylfqocnac{llOnonsn,
smooth detachment and a €OLSULLi tGPPEht Al fSridShnc.
|mplemgnted. The smooth dAertcaCﬁW§P6fd3|°|”d§;ébﬁ1@tF}?qu'aée%t
the thickness of the b'“'bb\/ael Yla t et Sthdeetaecrf‘flr‘?ﬁrﬁlﬁatnﬁcee' N setd

positive and the pressurep I§é thggrgan&nod ttH"'ee gefgac hm
point to be greea;tsajrretroafntgﬂgaﬁd‘gejpgja PPfhes fnear ectan.i
closure condition reqU|re§5tgectmhlhc,lbrhesasnoof7té‘|§ Q%bQVI%(
bubble trailing edge to beghZg&L0experiments was placed
The problem is set up sucéecthiaonbypasingm mmge bt rhiwo et nhtb iovwient dh
conditions, only a singlelparametemeas tulk mealsli sb nrade afd
region The dipole strendgtehrsf oamangekdawna Wwas trhea swertetde
regions and the source sitnrfelnogwt he e laocei tureknoawnd ianngtl lees
cavitating regi omwme rTihcea | umgkméoennyse dde £i ned i n Eq. (2),
for using Eq. (1) and t henelmsumdiairny thbeadictaivd it saotti lorbh o ulgtht
system of equations. Thisapywnmiesg astheerativgval vy Vperofro
to obtain a converged solluatitosmr, wasl dierdg ourpnerd tvwleems ot I
from previous iterations.un¥headwbble thickness i s al
calacdweld by iteratively satisfying the kinematic boundar
conditions, closure conditions, and t-he smooth (fj%)[achm\
conditions on t he foil Sl'lhrefatcéas't Dgct)r?('jilts|ornesgar i lgd I
prediction m[athoﬂfﬁsanminqlude
pTEEach performance predicti
customized to best simulate tI
hydrofoil This is described |

4.1 2D BEM Set Up

) & Since the geometry being cons
Figure0.302 m basepmesh2 s phydqrofoil with a truncated T

E
layers around the hydro jmplemented to account for the
t

from left to right. has negligible influence on

’ is withimonhébubdbperand its TE
with the selected wake sheet |
zone is 30% of the chord | eng
points of the geometry surfac
the face and back estenhencFobgl
1. Wher e possi bl ecaltchwel adxmer
measuy iing the cavitation bubb
predict the performance of t he
.based on freestream static pt

42Unsteady RANSE Simulation Set LU
The 2D Circular Arc hydrofoil
domain. A Polygonal and Prism
base size is kept constant at
size of 32% of the base size.
. was 1% of t hree baarsee I3 zper.i sTrh el &
i ' . i the hydrofoil and the prism |
Fi gur eTadk en vfrovm Pamkifni 54+ 2 56 cm. The prism layer t|
top to, bogtm@ihand 0.26 at the sharp vertices of the
horizontally flipped. Figure 3. This ensuresctbaset
right. in size due to | arge changes

OM



Lastly, the wake is refi nRAINSWHE tnmo dae | nse swhi'Q shi tzluea doGufh @In% fed fov:
base size. full RRalyd sesiegth cavi t afQijon mo ¢

The flow is modeled to bel W bl 8§17 G& gvabutefr Fahyjerart g
phases being water and vapB®!eft PE sphmbfrGked OCSI HGgeEd |
of turbulence and cavitat§lF d &g Tahee si€ G ongd ijty o Fp (W
The vapor pressure for theSkngighe sBEMsymed to be 2300
The velocongtamst ketptlk. 26Foml Isowing tthtei §] oav deeper inve
i s varied nfy Duheangongdg he that wraev i DAt itchre model control
turbulence and cavi t,avtailurec ansdedsi ngefl| otwvheé sf lcomduct ed.
equated fThe flow is sol Widdamesieng vaefei mgmirb eide f oe mddce
unsteady solvepmnwi ahdaf or mal g hyp Bhlpehsks egth cavitafifon mo «
time of 2 seconds where daacghutlieme estmomethaswid hi tSecrhanteiror
The cavitation bubble is phedi stadybgyompaatisnghanpireds
for a volume fmaction of @&@mgotrhe cavitation extent wit
43Test Conditions cavitation number is kept cor

The performance capabilitdR% @fOBEAELFYRLFE D are tested
t hrough di fferent studi es5 MEGH SIEANSt TIfWI TYhTUDYCcertaint

bet ween their performanceApmeshcseonsi capiabyl|l study amad
performance data from Pariknifn ueh®6)o.f Ictelils diemmpsoirttyandn
note that the l|pehdy siinc st hbiesi stigyupdep doef b f ¢comEmddpimsa redd & 9.t The

very compl ex. Not only arphywshiease nowdoe | psh ausseesd o fn tthhes sfel u
bu t her e ar e mul tiple Aodms nodfg dea wbwibnttaetnicen mpaeék ewn s

ercavitati,onaloweslu.msArsetasSsakuseew cavitation model . A po
tial cavitation occurd awbrcmesbBerofdree wsned.eaTlye L
itation bubbl e itself pflsmtlbayes timi clkennegstsh aared k s
bles into the wake. Morrepeat, i wealvy .t aTth eo nmecsdhn G@&awgeu rs i
back, on the face, amd Oidm, t PeO0O8mpa®aléem, ragd oh. DT |
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e

_ melsthh! 4i 5¢23@¢Uti bRE. Tt
tion of the study focugsep;gPmaA@BAapLPdmbPErBRer HREMAY
predictions of the BEM apfeVe®'N OUsS t GRS e #b¥e r RANSEe | | s
models to the experimemtnaly, datyaa hEP¥§ ,Vart¥1ie”9pecrqvoirtmaatnc
numbers. This is dom@”mmrc@n\?@ﬂé@%wipgh?ns}chrﬁé’kmsiuctuati0
an cavitation numbers raggppImirame@e? sty@ 13- ¥ T esa® i
angles of attack are partgigfguliardyafdesenrnasobPakli n niEl!
provides real time images; fof;jthemn pmesh. As the mesh
Th predicted perfor mancef lpwlataunettiearss airre tal s omeaimpfac red
to the experi ment al dat,a tflhor meastyi oy thgl eavbfatwit ovachku
val usge m8i¢rm8 c ™dr¢ ad@d &ty ThFei gur e 6. As the base size d
uncertainty in the cavitabsenved nmbrert he&eccawrnttsatfon ga
di fference in flow condi tQ.ohz mvhetnh et hcea vhiytdartoifooni Ib uabrbd lee
attack was changed. Thi sand utdlye ifsaceomdéHiofve v e tumesrt e@mrdeg d
044 ‘ ‘ ‘ ‘ patterns, it has a smooth, «clI
—C, base size of 0.08 m, the cavi
60.42~\/
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Figure A@hdm= Perfor man. Figure A®AmT,= Perfor manc
capabilities of the B capabilities of the BE
Val i dated agains,dt) 0 6ExpeVdlmechatadd (against )OdO6Experim
OExperi ment al6*ws,. dBadtatt TopEkpEri mental $dv,. sdaBat.t Top (s
6 38, 6 B,
have -maemomnt hi ckness. At a6.lmasre ASsdae of 0.04 m, t he
cavitation bubble al so s hFiwgurbeusb b7l eas) baenidd gonNd Iceodnpiao tee d t
wake. Additionally, partifarfonmtav heatdiofnf eirse nal swn sothesaed w «
the LE of the hydrofoil. approaches to the eperiThenta
These trends indicate thatt2Vds 2P Npoydber , caggefdelglwe
overall shape of the caP\Pltahtq oo dRAt&! cdhiverghbtd . t
Additionally, smaller baRB@Gkameteds af€oSeeh %N P& VE

cavitation which is overl%aotkaed'sinShoo"“clnrsae‘;#aerﬁ’e‘*sdhgee'6‘E'Ldas|‘7“‘[|
while the overtaatli osrh abpueb tolfel Ginsé E%M%EW%HKEUG AExperi men
by each mesh distribution, Woheh¢isipPpagd eBBeaofh?ﬂfee‘o'u

ies in each of them. OSr'hd"g¢€ ”dﬁxcpaetrésmetﬂvﬁétb Pheu tb‘ﬁeb%
omes unsteady and fIucthueatFlaressturletsmetarS r|ed g'n di gde®

r
c
|l owing analyses were J1rf"‘ofucttheed Oul's8 M9y® Cutf Oi€Se Nd
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e

©So oo

| NFLUENIOBN PERFORMANCE PARAM
influenoa Dhevpeyfngm

dicted through di fferd t
idated against the ex"boe
56) . The angl es moafnpart t
combinations of t he
documented in Tabl e 1. 1
unsteady RANSE simulation¥!t
results from the BEM werela

e
R
r hé@p e rShows t at the
¢ hMOs e, il & 1vesishe 4 uclglv ip R,
'arﬁétoé‘ 0 & My ‘ar@é!?rmlﬁmr‘it
elr'[ adt'aore number s,
r e ayr eC

é
i

_‘(@_|U >
® TaH=mo Q
Q=
0 o
=l N
Do

o

-

o3
By
03

—_4~<oT 40 O T <
UJ

SO, 9 = T
U)_.Tr—EgJ—(n“<

T T
S

e
e
I

9
e

—D
30
<

:ﬂ'
‘<KD

12

>
25

=5
oo @
a2
-<-mo<dﬂ m_:Q?D
g = IO'g
T ~o
T Ho
Cf% " o
O oy Om—1
S0+ S

Dy

&
M
f

ap

<



full RRalyd sesiegth modelm®@ @i ,mul at ¢ dinc tfiooan met hods agree well
™) Ot her modelds uvAtgdweadpw @ glei sctdeceli 8 Idlayt at hfer om t hm@ BE M. Wh
underestimation is al most md omsotsantu nshtrecaudgyh oORIANS B emad d é If g

model s. H,oi wnecvreera,s eass, t he niordoeml st hfeaigeneor aloltlroemmd of t he
the general trend observeBEMnrtelsea |l dspearnidmetnhtea |l u dsatt eaa d y ¢
the uncertainty in the pe@ffotrumranuwlee npcaer a metba@iu ® minst af Wicutnau
be higher at | arge cavitamddel ndianber Solduewt bhéhgepeeasat
of unsteady, flucheatbsnghbfsreowr etdhh d oenx peartitggent al data at
Figures 9, 11, and 12. Figure 8 (b) showisth hree svyppadtat:!
On the other hand, despi twarbyeiimmg caavliawtdroche mumdtelmod Al 1
BEM is seen to follow thetsamel §ewertahle tgemdar als btheadyv
in the =experimental dat aHo wiehveerre, itéhe ajp mosgitateedononhstar!

di fference betwekrmantdhe hexiB&EiM mentalthemnmanghd obsattvad

predidct @dthe percentage di fferengsebetyweesn 66’|ﬂpatr|ng th
data sets ranged bet ween ﬁaﬁa@m@fﬂg §6a6:§° nst the exper.i
Figure 7 @©bpr eschioowsi arhse of ptahd edinf fperreednitc tCaFdD t hr ough t he
simulations and the BEM aomordedrsedwdroe t laé s e x pogewad lmetnatailv e
dat a. Unli ke the trends odsmparviemdentna Fingmasgnedy.p(MA) t hehe
accurate performamabtupseduoesmadey aRAINGE siOnul at bohe use
using the | ow order BEM. mbddaeil t iacnnda-&bhyee r S chhanvex D a BBIEdn i mo
found to be the only methde tmwstolalceaewrthe gaméetati one

observed in tbhelaevaper iMmelpemhot madyge parameter predict
RANSE model s, on the othErglhraed9 (0a)eranpd ecdd mpaerde dt hteo
hydr 6fsdiglni fi cantl vy, i ncl u(dbi)n gs htotwmiest atthiees ncvep a ht ¢ he pgruedi c
Rayl-Pi gbset models which sbow&dtheebbéshcagmeedméntand t
withd ekhperi ment al dat a. Addltlonally, al | unsteady

RANSE simulations fail 6to capt ‘ trend of

asincreases. 08

6. 2=A% |
Figure 8 (a) andéidmipredmpatr ed’t .;
from the di fferent unsteady,, i cal
approaches t o t he expeYri ment =
Comparpem mangle of attack i s 02 e 0%

—o—0¢pp = 0.43

p=0ss) L hi s ang
-o-ogen=0%| @5 0f t
Tl fficult

l eads to zero or negative |ifs
attack was <considered to tes /[
di fferent performance predi ctoi

. . . —5—0—043
conditions. Figure i8® wa) hsho <o - 064
respect Atol ow cavitation numBers,z alsl per fsor mance

AoA
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0119

FigurCav9tation pattern i

fractionOob.vaperred reg 0 2 o ¢ 0

the blue reg,IOmBsrasnthV\ApDWteFrlgurevaolatlon in perfori
(a) Top: CaV|tatE20Tnturrebtuteg6 A'@A”gBlthcek lines indic:
mo d e | and the Schnerr Sa! lines indicate CFD dat a,

Cavitation p@ftteurrn ud sinrcg tEeem dat@. e ¢ and 0. 64. T
the fulPlRagkeighvitation ynpdieds- nad Bott om (b) sbhows th
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Pl esset cavitation model .ItAsansbebseslkeservded tthheatc awigtaa tc

pattern predicted i s i nadheuruantsd ealctys pRANSEt Bsd mhhdciattulir ean
performance prediction p éhrea nperteedisct obbh i hedm tihte C§&D
i mportant to note that i nagdbroeteh wsiitnmu Itahtei oenxsp,e rti hmee nrt warhb ar.
seeds in the fleidwand kepLsepRHOFURAYPBEtigation reveal e
apmangnm, respectively. th®@] turbulence model -Pardsehe
7 I NFLUENCE OF Ao A ON PRARAGRMAINGCGE model resulted in t
PARAMETERS predictions even across a ra
To investigate the infl uethowee voefr ,t has ams@glee oifn aFt@ack 1®r
performance parameter p rperdeidcitcitoends ,by tt hhiee cobabdi nat & ©m.

conditions wer e chosen. ghelNELlYE‘I\fcaEt'Brf‘ §|‘5'é“[5’erD%N§’\feT

r
Y& ¢
selected based on steady [supfTEgvitating, relatively p

cavitation, and:a\ulntsatelaaﬂry-rhq)éﬂesltéaéadlngens't and seed di

conditions. Therefore, thﬁa?}é?fage|%a‘é'xtp%trh‘?n%nqlémb%rndc’f

di fferent operanalcpn@tqu&)anmqearyeda alfgnificant rol e i n |

i ampd iy The anglpemamfd ddthigaic tkat'l%aBntanAdt Ap)nA the infl uen

unsteady RANSE model Qc‘;on3|dderoeedn q?% hdeseed di ame e

turbul ence model with the,fd ésﬁ@ d &4 gfhorplaer?SLFﬁst@ >}a|
I

mo de These slmﬁlhatBEMspﬁg ddfty PINence model -Bhds «ehte
were also analyzed and us@zQV|tation model . All previou
Figure 10 (a) cobmparomst hme GRRad idcetnesd t vy gmnida nsgerend, di am
simulation and the BEM wirtets pellé¢ti e gsp girmproernttaanlt dtaot an ot Aet
l ow cavitation number s, tah esroe ciomdacvedy og®i®hhe adiviee mew
bet ween the unsteady RANSHOddeat awiathld & h&cbrper i Bamnuteal c
dat a. On the other haotnkWly &#hendEMwever pbeeéreoes.t However
near constant value througboetsé¢ hien rsaeneggle deefnsangl esau®

attack. JAV alhuegshert her e i Burgtohoedr agwveesmemgtati on needs t
bet ween t he unsteady RANS®E oprreetde hcita ofsncsenando.the
experiometintladr ge angl es of8a\£arayqlﬁg Ale W gapgl e yof

attack, the simulation prygdi Cste'ecb”%eﬁ'ggt§X|p§rybﬁ‘|ﬁlﬂéi@|s S
show a d|screpanqwaIUastB(v5&[1erg\tS Rinkhedeed den5|t inc
parti al and unsteady Ca;Yr'é@Fétononoqqlbrs’thet L?nsﬁygyldy
predictions produced invalidsres M isa IT@et@ENhé‘Sék‘ﬁ‘§P|
steady cavitation. Due tothpis n $ e chusrearcvyed' ”|nprr—e|dlfr1
l'imited to supercaV|tat|nga\90pgf 6R”Spattern obyerovfed
Figure 11 (b)) cdmpalress tfhy@onpprtelléf bt edcan be compared to
CFD simulation and the BEaM wée¢edh ¢homesiEipebemeotr &l, daat &.h

Figure Ihffluence of see Figure IIn2f l uence of seed
patterns predicted by atterns edicted by un

usi ®gl turbulence model- &d‘ﬁjtJuﬂdl e'ﬁ%)@' emBhlel -Pams

Plesset cavl tmé 2o l"a”’ﬁ“3|caV|tatl,,onrlﬁmcustdqedl ApA =War
War mer regions represen . ,4ijons represent vapor.

pattern observednwi Botsegfsdp08hLt Ywit n semd Botatmeter

C$)aV|tat|on pattern 0bs Cavitation pattern opserved wi
X D TT.
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i ncretaseadreases bidyi ®c B68&seas®dlaynt i f ying t he uncertaint)

13. 86 %. Further investigatisinmulsatrieognusi r ¢ ch t DD d ebtyer ma hie
cause of this variation in dxpereismental dat a.

8.2 Varying Seed Diameter il Quant?fying t he u'ncertainty
The seed diameter used innUmMerieggp RH&dIGLHdms fiod m
systematical lpytn apidend WFeéegwelfsdr of oi I geometries or proj
12 (a) and (b) show the cavit%ht3i®n patterns predicted.
a seed dpiTannneatm(:.njrm,ofrespect|T[\/eFI“yr.thAer tihgvestigating the |
seed diameter increased t hRACAPEEEEF o Mpa%dVelrin®tpir®i B¢
the CFD modAs timoproeed . dlam@f@g'aﬁbpease ,
6increaseprnimy a®td®cattased TbyExltegnzd%ng the performance p
This seed diameter was the tom8 ZQePgMnd”thtahte d¥dofsf PA
such an extreme <change i nC asfVd t(?‘etéo()\/h?)éhe” t hP reliigCet T O
remained al most constant. iE: Er'%EH\‘eCrEslnvestlgat|on i's req!
to determine the cause ofFithés War iEati(©h99n) fobblesline
9CONCLUSI ONS Propell ers i n NPohnDu n f, h e 8 ims

A systematic study was con%%ﬂ:qrtdmetné QuaREPRY EBEm%i ne
uncertainty associated with 'gétddMhEn Od JF@H‘”@HP@HS al
cavitation pattern prediEtmensN.f rEom & aKiimmuas,urbst Aad
RANSE model s and numer i calMetappr ofaocrh etsh e Amal yDsi s of
simulations were two phased CavdtabDi ngJlbwdmalobdlva&hious

physics models were utilized7,.t@1ZR4mul ate the flow

conditions. Numerical pre@3@9€h®s Swe rBer 1aZ1Zs00 aniadde Ssi h g
|l ow order, potenti al based, mgDh®EMf omMhéeh®RANBEdiaadi on
potenti al based predictionsaovier eaWi'nh nitd mmedtd i omgd i ncsatn
experiment al dat a. The CiHcgdharPer AbeEmabydrvasin b He Vel

pdror mance data from Parkié'nag(gle9r506) §VaSBPis?90If8rrath§.s' (2
The analysis conducted indicaﬁgcﬁasvtihtaaptisdgnuM@"t,ﬂ;@gpp@@ipbi

flow Qi tthurbul ence modetl and ¢fhul | ntRAYHd£tii9n al Sympos i
Pl esset cavitation model pr(,oAd\}JZCOeodg t e m'Qrsgorac(lcmr)ateAl
performance predictions. Thb? WS’:IBS_MBE%&%& t o be r

especially at |l ow cavitation across vario

angles of attack. On the '%'t"nrbqs haSwd F'snlemuINatl(olngsgzl)slrPd
Qiturbulence modShuandcahetBehmad (for the analysis of
model demonstrated the mostcCaVeictubbaliogMNo ned gieitihg 0§y mp@s
cavitation patterns. The BEM@&Q-Q-N?@“’Zﬁ%O showed good
agreement with the experiwmethdwada,daN.a.etHoawe v e(ry 9 otah)i.s ovEa
l'imited to |l ow cavetlhodonsnomberpseraorimb@acer of superc
suitable for unsteady CaVitaP'[aipnegrsCCDFfdiSthiinBﬂ?(eSs)lerarfclhi$n€
that ram@e Fiosr examplpemn, WHE,%Q A%A o)

percentage difference betwee|4_q|étheppéggrlg%qt()%IOqud BnEMI

6data sets was found to be rcdang itng &1 P Bi% 4 o tlrﬁse4r%f°a
Additionally, t he CaVItatIO@hlpﬁétééﬂt@m&ﬁq_g tions by
BEM were also found to beT@ppHraMegln(y_ggg1§ o,fh$& whriyat
shape and |l ocations on theo§é:,Hats|encgt|ogharTahCeteB Mt i cs
predictions wer e coebrttall)neo‘e\g%rbpgﬂlr%ln%rbmfﬂth Symposium
resources as compared t o jb@rOHQﬁbﬁ?ﬁ%$$ RANSE
simul ations. It was founcxﬁl across _al faqproaLchesG
predictions wer@pmedeé caco a?%ng?]alg ' Bonfig ’ |
) ) ) ] 20b®PhyBacesd Design by Opt |
Further investigation into £ 6H\;gﬁ'te|n8ﬁal()f %%%%r%%@?k‘
seed di ameter on t he caV|t tlon Ipattfern h rglg'ﬂ.Fﬁt'lonS
revealed that as the seed dcl?bulrtnya and diasme'tloerI ier}%eraera(:
the cavitation pattern |mprM&M%pﬂ@ﬂo'—'i¥%Ws]t9'gsa%§7o/n‘
required to det empmirmenet 6¥oe emge,ede¥Y. Lt.o (2002) . O0Numer
simulate the experimental 0 pseurpaetricnagv i ¢ carnt epintgir ocairsrdga s dipaec
accurately predict the cavitRHDotmheaiiverssty of Texas
Ot her future works include:
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Abstract

There are few investigations that compaAwertahgee dunc e
Nav-Sepbkes Equations (URANSE) solvers and the Boundary
performance of supercaviiltiantgi negd gheysd r(oTfEo)i.| sMowietohv ebrl,u ntth etrr

explore the extent to which flow control parameters ir
systematic analysis is conducted Itoow fdonmsttr celv ap auraa mee tt ehres
solution followed by an uncertainty quantification anc¢

accuracy between URANSE solvers and the BEM. The Circu
reference case for a,)otg g,e pd@fxanayv iatna taingr embihb @mw.g ac k (

The control parameters considered in the 2D URANSE anal
factor i nSauheer Sccehwvnietrati on model . They demonstrated diff
parametersavidxttamtn,ofcl @msure of the supercavitation bul
URANSE solutions are then compared to 2D BEM results a
The preeifcorermdance par améethends fdemontsh e at wo amsi mil ar mar

KeywoBdper cakhydmadf oinl, s, MUR O, pEEaer iFheomwtsg!l Val i dati on

1 I ntroducti on

Maxi mi zing the speed at which one can travel while a
naval architects for a | ong ti me. Propellers and hydr
undergone signilf iacdavmatn cteenemn &l oogviecra t he | ast two centur
increase in the demand for high powered outboar-d engin
speed mayrisechkhrasttshose opefMfaduiog Oherr 60véamaltls $§i32e ar
out board engines require propellers that are smal.l anc
Simultaneously, there has also been an increase in the
often compl ement propellers and are pop-spbeebdyrasedgi ga
[ 4] . Hencebet bepafgdenmautbiing i n the supercavitatimg regim
where the pressure on the surface of a solid body drop
operaticgpamlgei dttsophysical As aaerdédswimt | igluemde tios vamp oirnc
bubbMigshin thenfltbw, saffance of the body. Supercavitatic
exceeds the chord I ength and the bubble coll aprsdes dowl
hydr oMfeaiel sdesi gned ttioo nmiansi mihzeey csawfiftear ed adverse effect
anmoi sdhe drastic increase inpboheremadxomuhoposdveengiuh @ st
increased interest in supercavitating propellers (SCPs

provi chey drioglhppambc mance parameters such as high thrusts
efficient compared to convent i onTahle hdyidfrfoefroeinlcse abned weremp
profiles and sugpred ctalveitratri evegp ortofd d ks &st.eednich Figure

Currently, the designs of kaosneaxrpcairalneytddaviai H@kdde usCBd$
While thisforenbenefopnahl] SCHsbaodm&€Pan obstacle when pr

unconventional sand sBl@hRosvea tuinvceo nS'\Gmt i onal profiles are d
through thin profiles and blunt trailing edges. The se
forces the suction side cavihatbbadeubbhéestoscal tampeert
to supercavitating profiles and it is whatffmakudst .t he p]

oo
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from Allison (1978)
FigaLefvari ous types of hyd[rdlf.oiRi aintd: pEfofpied il emc ypr off iV &

mechani sms depending on vessel speed [ 8]
I n recent year s, many tealnpilrawe |e merygrepd ottd co vt enrecoor mee
applying empirical correcti ons. tToh ea papdrvoaxnicneameen t s yinmp twvoa

met hodssuch as the BoundaawydoEmpeunteantti oMeat| h GHIDu(aBdEeM)p, n awmi d e d
marine engagimneeanpeptrivdvdechhes t o predict thpeiperfor pantetygihpe
Each type of numeri cal me t hTohde oaf df vearnsc e mesn tbse nienf i @ D aanndd
commerci al software have enabl edl iniaer i mpee reantg innge ecrcsn dtiot i
performance of SCPs and SCHs prior to probloag ygpomgerand
i mpl ement various nmendc oarsaloyfs idsauwmb icobdod mampibeement experi
I n thi,s trtespesd of CFD in the design and optimizati on
SCPiss regarded as a awaled aelrlaet eo ptphoer tduensiitgyn tpoi epfefl @ ;mtei vaes i
compardedatge opti mi zation thHowegbhbexp€E€EEDMmMaogabsono capt
physics of SCHs and predict their .hyTdhriosdyina me s p e@ceird lolr)
modeling extremely complicated fl ow physics such as tu
where flow and cavitation unsteadiness play a major rol
t he desi gonn wapf¢ © mv eSaCtHiso naanld S CPs sol ely using CFD si mul e
CFD can be wused ad odae sciogmp | o prteinmiazrayt itoonolby experi mentat.
design pipeline.

Potenti all ofwl awe tdbhabsdesd such as the Bohuadarlyed&h epmeauv e Mett
previous studies to bhy dcraopdaybnlaemi ¢ fo fp e S€dis enaimadg StChPes i n

super cacvointdaitwiihobpn sr easonabl e ddeurmaayi[n9 ,0f0 ,elrlrfor obser v
predictionwot hat 2 bwnes®itiend aVEer aQemp dled to CFD, the BEM
requires only a single processdmassamesi alsigavitaanbiny
sheet cavaiptpaltiicoanb,| ei tonilsy t o ,staddaelry icdaevn ttiaftyi noga wiotnadtiitd m n
on hyhe¢rofoil Teesé acapabilities make the BEM a useful t o
the preliminary design stage of uNuchoerrdoeussii gros atamnide i ma
down to a select few which can t&&mD pgrecsdadedy, f,omearod yipre
manafaring.
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Whil e both numeri cal met hods can be used to acceler
TEs, they are yet ({ThmbiEmtalh d deawemluymewdIciad atdeeds.i gn by opt
facimmgunder standing the extantbeouwbdchnC&bDoamgbhBibdnt ao

opti miofatnieom i nnovative,amhdIhRs efwbve etiisowvaltaSCHo gain
of the capabilities and sltiudiyt atiimsn & oo fc otnhed b umet t mdvsa.r ¢
CFhet howadms preperéobrimeaacket andon patterns in par tDiuael tand hs
complexity of the fluid behavior in unconventional SC
Circular Arc hydrofoil experimentally tested by Parkin
are pwbbhvailable in open |Iiterature. This dsoadocobmpand
propellers. 1t avoids any 3D effectaexiantdi hme!l plsy $ioc D ema
compl ex geometry profile. The investi gatciomn riod @arrraimed
i hhhempl emented ophhei EsnmbdéThhey poédité¢dtoemd results are co
and experimental dat a. Understanding the implications ¢
solution wilnldieigd tihre uwarpdpdrisctasbi | ity of CFD solvers to |
This wil/ benefit the overall design process by outlin]

supercavitating flow amoonwvredt$SOHalamge oI@Rs i wisth un

2. Background information

Efforts to predict the cavitandntgofdew @molumw droay e
hydr dfnditlisal | gabégan ansuyntefrti octailc méi hetdsosdeh, akinearized
[ 5,13]. The | inearized theories developed by Tulin and
derive 2 newer 2D SCH confvguratusohgpesdr ofi neirfeh eanl gsaosme r
being devel oped Taind nar(el 9r6e2V i eawiedd Aiurs |l aender (1962) [ 13

l'imited to thin profiles with pointed trailing edges (
required maomnwsasasdmempirical corrections which were of
early 1900s, a | ow order, potenti al based, Boundary EI

could predict partial BCP ss bpsreada wint atoinovre ndn 09 @Hs hymd o
extended to be able to predict midchord and alternatini

[ 2169 ] . This method was further dedlsomeadl iSICPtshd hadr lwer:
conventional designs but with blunt TEs. These profil es
physics surrounding the presence of a truncated TE i s
oher wise be understood as imposing a fake trailing edg

verification studies were conducted which focused on m
the thin, SCHd pirmfRilgegs HXe[s2it]j beFurther mor e, the experi

studies were for surface piercing propellers and not f
From the studies that wenr et ocobned uacnt ealf,f otrhdea bB EeM ahnads apdreogvl
performance prediction of surface piercing SCPs but it

SCHs and SCPs.

As mentioned, recent advancements i n -ICiFfDe po per atei n
conditions that mimic the supercavitating operating r e(
and evaluate varibog fhewaaoabeervédcawvitanly for propel
such as torpedoes and bullets [22,23]. Many studies fo
cavitating flow around canwemtpiedn ealrisy. SOfaped hyhder of foociul:
cavitating conditions such as sheet cavitation, cloud
evaluated in these studies, inclmudbhuwigbltédel emetfli, cwemne s
g

ood agreement wi t 8¢ x p elrhii me nttyaple doaft as t[u2dey has been di
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Additionally, cavitating flow predictions from CFD too

experiment al data in the development and validation of

While the cavitating flow prediction capabilities o
and validated, its abilities to predict supercavitatin
the | imitydofavmaell e@abant tand recent experimental dat a. T
capabilities of these CFD tools in supercavitating con:¢
remain an area of Jo.nglnlnigk e etsheea rfclhow 9a,r30lu,n3d2 conventiona
the multiphase flow around SC profiles are more compl e
studies exploring theecapebdtiktiekEesasabifonReyhRANSE) base
computational approaches for the design and evaluation
have focused on developing and using simulatnbhofalmew
SCHs in partial and supercavitating conditions [33, 34]
and performance evaluation of supercavitati3ng .s whif dee
these st udli west ehdavweareivous CFD model s, mes hes, and met hc
process, there are |imited investigations that focus ol
significant i mpact ohl yhenftowmplsetxutmahti pckaoeei &1 ows
unconventional SC profiles.

CFD has also been used to further i mprove and devel
[31,32,38]. There are also studies that aimed to desig
CFD simul ati ons mntdo bo/o cwenptaira mgl tthyedr of oi | designs [ 39
have not been tested experimentally to evaluate the un

The flow simulations set up for such CFD studies of

Simul ations (LES) solvers that i mplement various types
contain paramet er se tthuante ctahne boep ersadd ntgo cfoinmi ti ons and
solutions and cavitation patterns predicted. Whil e CFD
the accuracy of the flow solubiemal hndhaprgsestiwithy owf
especially in unsteady, supercavitating conditions for
explored in this study.

33Ref erence Case

There is a |l ack of recent studies which experi ment a
gives rise to the neTthkeassSECHY ¢onsiadbli dd tofdagn i tsleit shien C.i r c |
Hydr of oi l Profile fFiogurmras k20farid®86ydriseesnn umconventio

previous studiiies pri@f 313e 4105 44¢l ected due to the presen
thick LE and a truncateglom&.ofAddhei onhét yprobmpasedthe
very simplistic geometry such as the flatThlatbygdgrofol
was tested at the Hydrodynamics Laboratory in the Calif
section appB6éxmmat ghydnd2]The7bemgwhdef t hd.2{A sstc hseenga tiioa
of the test F$gTMRaypdriosf osiele nwaisn pl aced hwvdrtihz amtnalmayl icd eta
bet ween tleegdepgdrtoHeoiwal | which resulted in a 2D exper.i
chord |l ength of 60.45 mm and was tested in a, | wage r al
calcul ated as described in Equation 1. I n cdages ngharee t
the cavitation bubbl e was, .meFaosruroepde raantd nugs ecdo nidn tEH @.n sl wi
theoreti dlalwavsalauwes ufnoerd .r esul ting in

-
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(1)

The range of operating conditionsclimgeéedemdwt ed in t
angle of amttljacgrmr afnogri ntghi™ nmatnddyp i pri maonk yaredaend be

observed in tIeéegselthomnsd sitmadgye fiocuses on supercavitating
M@ nohrough the presence of a complete supercavitation b
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Figaimep view schemat[ilc2]Jof the test secti on

FigBEaperi mentlalpt m&g®sn dtop mxowwd abhtl dégnpd mages are fl i pj

horizontally, and the in¥f2low velocity is fr

The experi ment al performance parameters wused for v
include the o©6defahidcitdrt cofihetehgl obaldragdr odynamic f
Equati ondd 2a@achdd 8.t lbe | i ft "amdtdradbuisastgheentdimfeglloow vel c
&b i s t he Acdhdartd olheareg tghxk.per i ment al i mage is also qualitat

predifctdmntshe URANSE solutions

no



6 — (2)

6 — (3)

4. BEM Set Up

The 2D Circular Asc mdydrforedi It opri mfcil luel et oa mafkek et hter
geometry compatibl e withr evhieou2sD sBENM i &lsg chraivtehnms hown t ha
negligible impact on the solution if the FTE is confine
the i mplementk@hwakd@Esheeindicated by the bl &e Thwerve i
FTE is 30% of the chord |l engtalmdamédcé&onsiespecof véellypoTh
points distributedstétany ¢ hpee mg avfaist a&t.p exqi fcioendd.i tlimnegnst
condi,twassused.

60.452 mm

30.937 mm 0.3c

940" REFx
' 217.1R7 mm"" 10.160 mm
FigdreCircular Arfclitliydir od oeéOie fipimnoiliti fAideBlke el ed hby t he BEM s
indicated in blue.

Theydrodynamic performancéegspltedateddafggaomst hehé&DeBER
compantddRANMSBHEI uti ons as described in the following sect

5, Unsteady RANSE Simulation Set Up

Th2Dnsteady RANSE simulations are carrie@CM#t wusi n
The Circul po2ArcsPsomulated in 2D andhea acmpenpateihreqsé ovred i
, m@manld pmis perfdhmedCH profilll 8CGi g6 modelddtleoimphnsi cs
models used to simulate the flow i @bRuda rrwll teinpchea smo dien t
t he S8awervri matdied ni mpl. e@éencedt his study foclibewnbnoéxpl

parameters on the cavitation pattern prediction, only
chosen. The solution accuracy of other turbulence and
2D BEMI uahdnexperi ment al da%t]aThen i npurleavtiioouns isst udar r i ed
unsteady 3opueéef oowidiiphysi cal sldilruntdroni tteérmet.i ons are car |
ti me st ap.stFEhcraisselskept constant ais 28600V aleydi abigd tthlee rfelf e
presgur €:'Q n . A polygomawd tme sd elv a sns. sTihzee toafr g0etO2sur f ac e
mesh is 32% of the base size with a minimum surface si:

32 layers is generated around the surface tofs htalre hyedrtd fc
aseen Fbgdihdiosne to minimize smeax igpgda nThicea vpdimd mnigay ergi
of the hydrofoil. This reh6 oA manh bxe mdisteirwietdy tshtrwdiyg hw e
[ @lnd i s summarized in the following sections.

nn



Fi gbMesghe nerfaotri oan 2D URANSE simulatidR]Prfi shel £yercudmrour
SCH tapered at sharp vertices.

6. Test Matrix

Thissudy focuses on understanding the influence of
cavitation pattern predbtyebpam@cmegpmdiplm t Tindg | afenreGhANS E
refinementfl oowt $ e eadnaldk ecnashi utbyb,t e agdo weildatcde xogmlr®h e d me s h
in the wake of the SCH ranges from no aTdhdel teiweenda Id ernesfiitrnye
in this analpymftst ogomefa g Ehde fproosmmt i ve and negativeamsdaling
reducasremged fromabDichumibo nhQ@ iioms.

6.1 Mesh Refinement in the Wake

The | evel of me s h refinement in the wake is wvarie
predicspeni fically the steadiness of the cavitation but
from 1% to 10% of the mesh base size. A condition with

tested casesimamhahbblee olb.ser ved

Tabl e Test Measthr iRce foafnement in the Wake
PT TAHMMMHO™H Absol ute OGe Number of

1 ¢ pm pHo pT

2 T pT P8I Y p T

4 Y pm W1 pm

6 pg pT g pm

9 PR pm Ud o p

10 ¢ pm U8 wp T
No Wake Re - P& WP T

62Cavi tation Rate Scale Factor

Theavi tbauitbibdre growth rate scale factors are model
SchrSearurer caviThei pmsmobde®Opscakcal éaactbhe positive bubbl
negative §&8Y809I| escfadetsort he condensatidinf foer ebnutb bd embriendautcit
positive and negative scal e ®RacTthoer sf iwesrte cto€GltviEdd, iann dt haer
aims to quantify the scale factor cY@biYiDapi 8ncoasi desed
tothe base case f b6bFotwwht sanrdet tkdegpnts Ad dn ottehretr i n each test

Tabd e Test matrix of Cavitation FRSatueerScCalve tFaatcitoonr Mbad

131 H 3 13 13
1 1 1
10 1 0.1

npe



2 2 1
5 5 1
6.5 6.5 1
10 10 1

The selected test conditions aim to expliarce etaltsd ngf f
the rate of condensa¥YDamW¥Omrtehe afrli ®wl.. Hence, both

63 FSewd Density Variation

The défeswletd density wused in this maedya .f olrn tthrei s2D
investigation, the seprill tdemkAi.t yhhyedr oy n @ain b et e e@asv i t at
pattern predil datait @d@@ds earméa ne the influence of seed densit

Apart from the seed density, all/l other parameters a
toarrying out these ian diovinds edhissistrivadhgdhydagpnt s ens iwtaisvi ty s
conduct @d Ba&mMdRANSE sespectively.

7. Point [DSesntsriidbiwtiiMes h Sensitivity Studies
A point dieqtsrigtthuvdiyit yins conducted for the 2D BEM whe

profile for two separate desi gmsmadifysstitisen #FT &€t adef evat bhat
si mulwheéemomeetwdheensi ty in ahe € heipreksamafinadelr! ya,r et he mesh r
in the wake of the SC hydrofoil is also examined.

7.1 2D BEM PoiSretnsD8&&tvdiythyut i on
The pointsdnsisttiuldiyt i sn ¢ o maauncdt € do nfcdaras SCHi pdof i | e wi |

a trunclaot emakTeE.t he profile compatible with tdeffewewnt de
types of FTE designs are tested. 6alheasitd dabvoe d elsii ger si rcdinc
true TE of the truncated profile and the FTE starting

Both shapes considered consist of an FTE that is tange
of the FTE, design 1 consPstensistsfohThscocbhéagiee wbhier el
in both cases is 10% of the chord |l ength. The number of

20, 50, and 80 respectively.

—e—Profile —e—Profile
0.06 % FTE pointface |1 0.06 1 % FTE pointface |1
| % FTE pointback ¥ FTE pointback
0.04 | 1 0.04 1 1
© 002} 1 © 0.02
o 9\3\%\3\-‘ =
0 6—6—6—6—0—"9 © 1 0
-0.02 1 -0.02 1
-0.04 r 1 -0.04 1
0.85 0.9 0.95 1 0.85 0.9 0.95 1
x/c x/c

Fig6an¢ Type 1 deosn glnebiotf Typbe BTBaeasirgoghof the FTE
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Theydrodynapmi edif orecd sby ctohmpaz@ dBEM ame ertshea ngdo itrhte i
distribution variation and the two diff efaglnta nHT Eb)t.y pTehs
vertical ahxyidsr osdhpoevasinotchmeance, and the horizont adl vaexi s i n
bars indicate the solutiremar § riomditdhat efTyplee 1s &ITIEt iammds tft
percentage diffetanhtepbebWwendwiTthheer 2specit ntibcaypd bet we
set of bars.

03
1.80E-02
2.3% 2.4% 3.1% 3.4%
095 1.60E-02
0.6% 1.40E-02
=]
£ 02 S 120802 1.7%
2 B 1.00E-02
5 015 =
ke 2 8.00E-03
§ 0.1 “§ 6.00E-03
4.00E-03
0.05 2.00E-03
0 0.00E+00
- - 20 20 50 80

Number of Points Number of Points

Figubdbendpredictions from the 2D BEM for varybhgepoint
and Typreea)Blrefit , Number of vp i ntNu.mb)h eRifpgelpte,iemtt a.ge di f
in the hydrodynamic performance in Type 2 with

As the number of points increases, the |ift and dr
val tei sl concludedlemnbat paimbdebeastel puitti ecd f or accurate
Having as few as 20 points on both the face and the
performancel hparsahmeteerosf. the FTE does not have a signif
Figuwki 8h sHhoadwsttrhéutions of the bhwoT¥Fd& 2eBTHniss fomo S&
further in this study.

50 Points
1.5
—FTE Type 1
1 ----FTE Type 2
0.5
IS
SO |
o AN \/
-0.5
-1

0 0.2 0.4 0.6 0.8 1
x/c
Figubei8&tributions of the Type 1 (blue) and Type

nT



7.2 2D URANSE Mesh Sensitivity Study

A mesh sensit$SirgudtaudyBAr’do deisé ct ed for the 2D URAN
atf ™ oeand pm, a condition at which the shapeProgl itnmien araw i
resaft ¢ sdoc uSmeinv eesdt d vaa ntdatv ealb e@dh0 24 )saumdhead i wpean bard o w.

The 2D mesh sensitivity @nfatlursh usl ewacse cnoondddibcu eendd utshi e

cavi tmotdied n In the mesh sensitivity study, the base si z
| aypresm | ay,erandiwakke srswéik@@me ttonls@®satmdwsp Fteldauc eed | i ft
drag copfbttednagainst the inverse of the totab number

andparameters ar &dtsdemghtts oners\ne r g¢a .ifnleuncetnuta tlienvge |I's,u ptehrecraev
which sheds into the wake of thel8@H.chThkihoo wshdrhema rsors u
bubbl e for meshds earfe ndi flfeevred rst g u arhtei fbiaesde by zdeddeiiinre dt ehd es
as a frabcobirdnTdfegtbhmdbd e i sosurface is defined as regio

t he mda ngld p.Theubbbkesurface for the finest meshes are
back cavitation bublbllhesa&nd hsehle duibbtl esctlhe owmalk d@uskesh e lad
fluctuations in the forces acting on the SCH resulting

cases with coarser mes hes.

05k —+—URANSE
—Exp.
3 045+
0.4r ‘ e
107 10 10
0121 —s—URANSE
—Exp.
S 01F . - = E—
0.08¢E i .
107 10 107
1/N
Figeaodgtopd (dbrmdt om) plotted against the inverse of the
[ 9]. The red | ine indicates experimental hy
o 0.17c
40 ° 0.33c
0.66¢
20 - o 1.32c
/g o 2.65c
g e Cuccumnoses
= 0¢
20
0 20 40 60 80 100 120 140 160 180 200 220
x(mm)
Fi gdobles os wrt® a &80 pof the supercavitation bubble for ve
mesh refinement | evel is defined as a fudcti on of t
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I n addition to this meshisensutciteidt yoasabudygi sheahnnt
of prism | ayers and the prism | ayer thicknessl aynertshe f |
are | i st3ad oinng Twaibtlthy d rhoed ymeaaomb £t aif ne ¢ RANBEe s.ohTunte ome an
hydrodynamic perWweramanalec phateamétoesrisrneggs ptdrOdp dgrtttao npeovi enrt s
steps and 1.TPRhe fsiod sutd, i raoonwdtiiguaeti.els Gt hesbowsr bhecaase Wi gh
| ayers and a prism |l ayer thicknebswvhiacfh 3.edprmmenfhi 4 hear
with 32 prism |layers andcarpespoabEpng@fhdhiaeknless ot di
plotted li2an®¥3Ngtrees hat both the prism | ayer thickness
Therefore, the results are displayed separately.

Tab3d ePrism | ayer mesh sensihydriady nemitc cperdfidri mahidc ea npda
URANSE simul ations

Grid Prism | No. 1Cel | « Prism 1
Numbe Thickn Pris Hei gh Stretec F Fr
(] Layel (mgm)) Facto
GO( cont 1.6 32 X8U p T 2 1.1 0.42 0.09
G1 3.2 32 PR wp T 3.7 1.1 0.42 0.09
G2 0.8 32 oY pTI 1 1.1 0.42 0.09
G3 1.6 16 18u pm 11 1.1 0.42 0.09
G4 1.6 6 4 oHTPpT 0.5 1.1 0.42 0.09

FigAatLZeD URANSE mesh fore iular Arc Profil,e with
indicated as BéomedTahbl eri sm | ayer shown on

Figaesehows the influence of t he hBrdirsomybhaynérc tphirdlom
predifc@men®D URANQER iThie hori zont al axis shows the prism
axis shows the performance parameters. It can be obser
from the control case, t htelree a hse dad gmoysnta mni ecg | fi égel f bohiaem ai nmef @h |
deviation from theo@hdvaariguleasnmi) B trhees pawd ri aigid yi.s Tchoenrcel fuodr
t htahe prism | ayer thickness does not significantly infl

no



Prism Layer Thickness Variation
o =0.264,a = 10°

0.44 0.1

S o042f © ° ° <5 0.099 o °
[e]
0.4 ‘ ‘ ‘ ‘ ‘ ‘ 0.098 : ‘ ‘ : ‘ ‘
0.5 1 1.5 2 25 3 3.5 0.5 1 1.5 2 2.5 3 3.5
Prism Layer Thickness (mm) Prism Layer Thickness (mm)
Figaelenfl uence of prism |l ayer thicknhkywdraddayrRdhiURANGSIEc e
and.

Figusdows the influence of thed axmuihiberamdt s spr d diye
the 2D URANGI oonhe Circul ar pAlrecthhsdyrda foidlpea.a Miblcemafnicgeu roen t h e

axes, against the number ofAvpariami bayenstbae bhhmbéorofto
have a significant influence on the average perfor manc
deviation ofanttie oamvemhageontrol case, grid GO, is 0.3%

No. of Prism Layers Variation
o =0.264,a = 10°

0.44 0.1
= o o Q
0.42 °
© © 0.099 ° °
10 20 30 40 50 60 70 10 20 30 40 50 60 70
No. of Prism Layers No. of Prism Layers
Figaslenfl uence of the number of prism |l ayers in 2D UF

par ameads,

From these findings, it can be concluded that the ¢
simulating the[Qi20 c2ubs aUrRgMNEIEVReIr sf i | e

8Mesh Refinement Level in the Wake Region

The | evel of mesh refinement in the wake demonstrat
closure and extent of the cavitation patterns. A gl i mp
wake of thet®Cldoing ai eaf iceéd s ranging from 1% to 10 % of
the base size results in an increased refinement of th

the wake is also examiinredt hdivwake rlelgisdmo wisort h3e drefsfher en
The predicted hydrodynamic forces are not significant]l"
be observed in Figure 15.
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FigurTeopl4t o bottom i mages show the mesh in the wake to
refinement, respectively.

Wake Refinement Sensitivity Study

0.55
o o o o °
S
0.5 1 1 1 1 ]
0.6 0.8 1 1.2 1.4 1.6
%107
0.125
o [o] o Om®» o
Q
@)
012 1 1 1 1 ]
0.6 0.8 1 1.2 1.4 1.6
1/N «10°
Fi gutkRr eldsi cted hydrodynamic for Visyihg mesal refiinhbemea
me s h . The red marker indicates the case witho

Fig. 15 indicates the predicted hydrodynamic forces

of cells in the mesh on the horizontal axi s. Each wake
any additionalkt mesh heefwiatkkemd s indicated in red. As th
number of <cells in the mesh increasmedfolfhéhsestdndadeded
refinement |l evels, including dihe nmcaans pvi t @speéecbhnyeimegsh

Figures 16 show the predicted cavitation pattern wh

10% of the base size and when there is no mesd refiner
w 0o pof the predicted cavitation bubble overlayed on
Moreover, the cavitation bubble predicted by the 2D BE
mesh refinement |l emel tonbéhéenivbkuentwiasl ftow the cavitat

PN



refinement | evel increased, an improper closure was ob:

of the predicted cavity in the closure region starts t
the top amas.bofihiosn deon be observed in Figure 17. Addit]
also causes the cavitation bubble to fluctuate in siz
fluctuates. The verbdrcadf axdlsl § nadd wmtteeds drhet mamperi met
by the total number of cells. The horizont al axis indi

2% Wake Refinement Jolumms Fraction of H20 (6) : ——BEM
‘ . . URANSE

Fi gurkRr eldbi.cted cavithttbon BDWwbtbhkeatefi nement (top), 10¢
and no wake refinement (bottom) . On the right, t he URF
experiment al image from Parkin (1956) .agdglehei BEIM we.edi ct i

t =0.725s

t=0.730s

t=0.735s

Fi gurSeqlutfence of i mages showing the alternating vortex
l evel Mattand pTm

o
11



©

oo

~

»

No. of Cells Overlapping Cavity Surface

AE).Z 021 022 023 024 025 026 027 0.28
time(s)

FigurlenfllBuence of wake mesh refinement | evel as a perce
cavitation bubble. The dashed |l ines indica

As the wake mesh refinement | evel increases, the |e
increases. The steadiest cavitation bubble is observed
is also eviadentl7inAFver $6high mesh refinement |l evel i n
instabilities in the flow. While this does not signific
Fig. 15, it has a stedngawvitwpwpbengoh. thasprgedidespite
examined, the predicted cavitation bubble does not reac
A plausi ble cause is the pnreeasre ntchee otfe sat |soencgteiro nc awailtla tfir
taken. The presence of even a small <clearance between

cavitation which may not be present oatl etdlye , mnds pameaf i
the experiments from different perspectives were made

9. Scale Factor Variation in 2D URANSE

The scapeer drmattdolme-S&Suobnecavitati on model defines the
angdhrinkage expressed in terms of the mass flow rate of
domaline scale factor scales the rate at which a bubbl e
bet ween individual ¢ o mpTohniesn tpsa roaf mettheer mwal st i vpahraiseed ftloo wu n d

predicavedat samhypdrtadeymanimance for 4dhleowsCHtL heTabé et matr
i nvestangdattilbpemn mean per O oarnmlg n cfer opma rtahneeTtiseerlsu, 8t bos of t he |

negative scale factors is calcul ¥O0OFwO0t.o ldquadrstiifmpoatsinn
that cases S2 aW®OITSEO h pwvte |tnh e€YaSagpeeB A0 mPwhi ch expl ores
influence of a significantly smaller rate of cavitati ol

growth ratéyO Ipma @ ep, S&which explores a significantly
gr owt h compared to the standard rate of bubbl e condeé
YO T YO p T

PO



Tabdlenfl uence of Scale Factor Variation on 2D URA

Case 11 19 13 717 B Fr
S1 1 1 0.530 0.123
S2 1 0.1 10 0.533 0.124
S3 2 1 2 0.529 0.123
S4 5 1 5 0.528 0.123
S5 6.5 1 6.5 0.528 0.123
6 10 1 10 0.527 0.123
The influence of varying scale factors on the perfo
19The horizont al axis indicdahestopescgapi batidemosséalrat e
averbasggned t he bottom subpl ot demonTsetsrtatceass etsh eS 1v atroi aStsi camr e
bl ue markers and test case S6 is indicated with a red |
Cayvitation Scale Factor Variation
o
o
0.532 0.1235
S S 0123
0.528 ’
0.526 : ‘ : : : 0.1225 : : : :
0 2 4 6 8 10 0 2 4 6 8 10
L SF+ /SF— SF+ /SF—
Figa®everage performance parameters vs.sobhuohathBen sca
Circul ar [ArRJe dPrrmoafrikleer i ndi cates case S6.

The change in pasi tetateorf angpgsi imédnumwloxce the predi
hydrodperambaea m&€ompared to the exper b man walkn ddeart par, e dtihcet epdr
approxilmatédl vt and8t b&vméamrs are over predlh@ttdAby appr
described earlier, tYY@F¥F¥Oarmernf bwocdakea @i mnhsd &6. Desp
di fferent rates of cavitation growth and condensation,

The cavitation scale factor was found to have an in
This is s2@hidgshows gtuhe cavitation bubble isosurface in
YO YO pbeing the control «case/ YOaisn cproesa ste sv,e tbhueb bbl ueb bglreo w
shrink to have a more abrupt cYOspme¥MOTh e Whuebnb Iteh el enneggtah
bubbl e grysQyt hi sr asteet (t o 0:YIO whitlke maawnittaatmiimg bubbl e i nc
mai ntaining a smooth closure.
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Bubble Isosurface

021
N /—mmmooooooooo
0.1 %c?@oo
-~ 60 ° o
© 0 o~ © go
= SF+=1, SF-=1 02 ©° o8
-01| © SF+=1,SF-=0.1 ol o o2
o SF+=2,SF-=1 078 QS
i SF+=5,SF-=1 o g2 ® @
R SF+=6.5, SF- =1 oamo000 0000%0
03 ©o SF+=10,SF-=1 | ! ! ! | ! ! \
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
x/c
Fi gurtRr €di cted cavitation bubble isosurface for va
The bubble isosurfaces presentcedui nt Fegy ®O0r ar et abl e
the duration of the solution time. This can be observecr
predicted cavitation bubble with respect to time for e
-6
1
7510
a0
E
=
% 7
>
Gy
o
9 6.5 SF+=1, SF-=1
§ ——SF+=1,SF-=0.1
E ——SF+=2, SF- =1
© SF+ =5, SF- = 1
Z 6 ——SF+=6.5SF-=1
g ——SF+=10, SF-=1
=
5
5.5 ‘ ' ' ‘ ‘
0.5 0.6 0.7 0.8 0.9 1
time(s)

Figadeef fective Vol ume of Vaporvsn sbkeutiraediotuisme cfad rei tf &
combinations.

From this investigation, it is evident that while t
on the predicted performance parameters, it does have
and on t hee Ibeunbgbtihe.ofFutrht her investigation is required

cavitationY@)r ocwatnh irnaftleue(nce the cavitation patterns pre

100 Seed Density Variation in 2D URANSE

The seed density quantifies the amount of gas or ai
are microscopic gas bubbles or air pockets that act as
Obubbl e sevedlsdnegerst amddar di tsyeewdsed i n t hec @2nDd uUkRANIDS Ei ns i tr
studpynfd sas it is the defauiSaueal cavis diabtwhhineedrBlcharc e
fl sieed aoengdgihtey predicted performance parameters and ca\
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var i ed pbrefd wegemid . Figure 22 shows the influence of inc
performance parameters.
Seed Density Variation
0.535 0.124
S S 0.1235
0.53
: ‘ - © © 0.123 - ‘ : —5-0-6-0
0 2 4 6 8 10 0 2 4 6 8 10
No. of seed/m? %1012 No. of seed/m3 %1012
Fi gurlever2zage performance parameters vs.sobhuohathben sca
Circul ar [Ar2d Profil e
As the seed densit ¥ aindlccroenavseersg,e .t hCeo mprae ceidc tteod t he e x
convergedd ipys ednaerpredi cted by approxi matiesl yo viedr. p4dr¥%e dai ncdt
by approximately 17. 2%. The increase in seed density
specifically that at the LE. This can be observed in F
i sosawrifrmact he wake of the SCH. Fig. 23 b) shows a magni f
Influence of Seed Density on
Bubble Isosurface
02r
0.1 o e =
o 1e12
04 o 2.5e12
§ 5e12
01| © 7.5e12
o 8.5e12
02| ° 912
| o 9.5e12
_03 1e13 L L L 1 1 1 1 1 I
2
0.01
0.005
O
= 0
-0.005 -
-0.01 -
-0.015 1 | | 1 1 1 | J
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
x/c
Figure) 2T3.p: Predicted cavitation bubble isosurface for
Bott om: Cavitation bubble isosurface at the
I ncreasing the 1| evel of flow seed density does nc
parameters but it has an impact on the predicted cavit:
supercavitatiomfbulbhkel SCHn the dm@csk i ncrease the | ength
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The | ength of the LE bubble isv pIndo ose@metad econvearcg e afsd

density also causes some fluctuations in the predicted
of the effective volume of vapor shown in Figure 24.
-6
7.36 210
5 734 ORISR
]
&
>7szf
s —1e12
g e —25e12|
= 737 —5e12
S —7.5e12
o —8.5e12
£ 728" —9e12
E:ﬁG:') —9.5e12
5| 1e13
7.26 : : : !
0.2 0.4 0.6 0.8 1

time(s)
Figurrenf24uence of fluid seed density on the Effectivi

As the seed density increases, there is a rise in
indicates an increase in extent of cavitation. Mor eov e
seen to osciflilest anwhisch | diagning cavitation bubble. Desp

of cavitation remains stabl e.

1l1.Performance Prediction Using URANSE and BEM

Since the motivation of this study includes underst
used in a complimentary manner, the hydrodynamic perfc
compared and validateciasgaiams tb ee xspeegrni i epind Fai bgt udrpett. a2.5 Tf o r
Fig. 25 a) shows the mean |1 ift coefficient and Fig. 25
soluti,omdoéope shown,i m@ mbrnuer each.d The experi ment al data i
solid lines.

0.7 ‘ : 0.14
0.6F 012+
0.5¢ 0.1r
0.4r 0.08
&)

0.3r 0.06 |

- =0.264
Bl =0.405
0.02 7CDexp’ o =0.264

—CDeXp, o = 0.405

2D URANSE 2D BEM 2D URANSE

0.2 0.04

01—

07

Figurag 2=fdvalmeas from 2D BEM and 2D URA&NSEI fultewfs olmut
2D BEM and 2D URANSE flow solutions. Bl ue mwpdanded sol i
., TV respectively.
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At, T ot he error ©Brwittthe rpersepckicdt e t he experimental
for URANSE, rreseottiivel gxpditi ment @li serlr. 2r% ifrort Heh ep rBeEd ¢

for the URANSE solution. I n t hn8smivasn al y il a,t iivteliys hii ngpho rct
and may incur instabilities which may not be compl etel
symptoms of this instability are also observed in the

prdé cti ons.

Fig 25 b) sthowmbuéebepmedncted by each method and con
Fo, ™ @1 the BEM solution is underpredicted by 17.6% an
For M@ muv t he BEM solution is underpredicted by 13.5% an
Th@ predicted by each method deviates from the experi me
BEM is relatively more accurate for the two.operating

Since the cavitation pa,amednsprehamcgd oanan sniidehr atbhl ey

extendsaf ,ovp8irx,u f opTL I n Figure 26, the black curve indi
the blue curve indicates the results from the URANSE s
mar ker s. The URANSE cavitation Opardieds i whesr eaa s tothes e B & I

predictions are ®bsewresd mal angsitdeyt he conducted to ex
of the two methods when the angle o® t.git tlackim varies. Thi
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Considering pimarsd vaarfybixaegidd predi cti ons from the two

26 follow experimental trends acopssedibéeioasgéroim ¢cahei f
to agree more closely to the experimental valwues compa
cavitation numbers. @& pgiediilcdr otnrse wd eire <sden oiwn ctatve t at i

more accurate results compared, tm t OleprBRIANSE ds dlyu tti hoen
continues to follow th&perpdecitmednbygl thee URANSBIEI sel viee

the BEM and URANSE solutions predicti ncuparsesy i thattiho mea t
a shrinkage and di sappearance of the supercavitation bu

occurs near the LE on the blade, an increasarifrmctehe Foa)
™ ,, the URANSE solution predicts partial <cavitation n
cavitation. Whereas the 2D BEM displays a similar cavi i

Now considering the ,remulpnsg vpadihepg e cft dre mae wWait x ¢ d w
good agreement bet ween the predictileidnorad ai®es ,antdhda hgR
olution more adcvuarlauteesl yc opnmpeadriecdt st of htghte BEMbh$ ¢ lhheetr itowno u
urves merge and predicted al most identical resul ts. N
xperimentéavadaea. pTkdicted by the URANSE solver also
ata compared to the values predicted by the BEM. Both
o0 predd.ctmaritlte both the URANSE and BEM solutions pre
etaches at the LE on the pressur|/e nscirdeea seersd nmneiaer URMAEN S&E
redicts a smaller cavitation bubble near the LE on t he
tep on the suction side. On the other handti amesiBEM. O0A
ptrm, the URANSE solution identifies a smal/l bubbl e nea
side. This is evident i ngthey.BEMt ppr, e dihcet i hoyndsr odsoi We lelx
supercavitation which begins at the LE and engul fs the
BEM solutions. The disappearance gfi ntchree acsaewsi tcaatuiscers baunb
the | ift experienced by the hyddotioveée.i €onbsgquertdl yA h
upward trend is obaeiwedeiasetshe predicted

nw oTcT o —“+Tao oo n w

The order of accuracy in these results are compar at
conducted by Bonfi)exipoer& mkmitaddlyarval (id®dted the 2D URA
geometry and the circular arc geomet m& ., TiHdeuvi rWhoipleer atth en (

URANSE predictions followed the experiment al trends, a
number s. The average relative error between the URANS
geometry was!| bwendthanb 10 %. Ond pgrheed iod theed fhaarn dt, h & heei rneewn
which is a more complex geometry, was underestimated b
& Feder), ciusEead0lelxperi ment al data from Waid & Lindberg (
mesh sensitivity analysis. They found that in supercayv

experi mentan@dhadcnams,error of a@@®mboxriemapedtyi Viesl.y2.% lann dt h e
they were able to odaw@t ot Bé& awnaer d@é&,errescmpeicn i vely [ 34,

the URANSE performance parameters follow the experi meni
an error of the order of 10%. Thewekdbt éngt heacloavelnt ofont
using URANSE solvers in 2D is still considerably | arge.
12. Conclusions and Future Works

A systematic study was conducted to assess the in
cavitation bubble growth rates, on the performance anc
solvers for complekowtsaudbhul easatthmsaeéti ph&€ehfydrofoils.
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udy where the URANSE solutions were validated agains]
udy was conducted on the Circular Arc Hydrofoil from
i ¢k, bl unt tTiIEng 12gdnd iTthieo nosp eprrai mar i | y mdomasti doerr e &4 f or
sh sensitivity study enabled the selection of the me

nsity. A wake mesh refinement sensitivity study reve:
st abl eats wme rbcuabvbilte wi th proper closure. A similar poi
e geometry implemented in the 2D BEM. Two designs of
ofile was varied. FRATSE ntoysp e a2d awpat sa bsl eel etcot ehd gahse ri tp ow nt
Both the cavitation growth and coll apse rates (indi
t have a significant influence on the mean perfor mar
ttern. At hhghaetedubbhe gupwtcavitation bubble was s
osur e. On the other hand, a | ower bubble condensati
nvex closure. Further uindeestiagat tdbe isafileaeguniceredft o hiee
e cavitation pattern prediction capabilities for SC
increase in the extent of poedilhatd m@avéeaaiti ani amdb
edicted supercavitation bubble | ength was found to b
r this is the possibility of additieomafioiclavanatt e toe
'l through which the experimental i mage was captured,.

The 2D URANSE and BEM solutions were compared and v
nditions comgipdeded . woémmf dirhed waan underpredicted by |
l ution and overpredicted ways tohveerBbEM ds clt ®tdi dory. aTlHe nme
peri ment al error observed in the mean hydrodynamic p
der of 10% when compared to experimentalr odra tfao u nTdhiisn
evious studies wher e URANSE data for unconventiona

peri mental data [33,34]. The study was al so extended
d BEM i n rditfi fnggr ecemmtn dapgda ons. I n all cases considered,
rther investigation is required to not only reduce t|

ofiles but to alseweéxpfouecantagoagtiby URANSE and L

Ot her future works include understanding the exten
mpl i mentary manner for SCH and SCP design optimizati ¢
d 3D URANSE solversentB$ daltwer Moramdeexperipmati ng t
actical supercavitating hydrofoils and propellers wi

each method, especially if i npfleeimesntandd fporro pmeelwWeer,s .st at «
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