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ABSTRACT been introduced for marine propeller applications. In this

Combined hydrodynamic/hydroacoustic formulations fogontext, theoretical and computational studies addressing
the analysis of marine propellers operating in a nonfdydroacoustic models is addressed in Seol et al. (2002).

homog_eneous flow are presented. The hydrody_nar.n}gn early attempt to apply a wave propagation model based
model is based on a Boundary Element Method for inviss, e " merical solution of the Ffowcs-Williams and

cid flows and is applied here to study pressure ﬂucmaﬂorﬁawkings (FW-H) equation is proposed by Salvatore and

induced by a propeller to solid boundaries and noise radI'émniello (2003). A straightforward approach to describe

ated to the open ﬂOW'_ Two hydroacoustlcl models ba§qﬂe case of a cavitating propeller is derived in which a cav-
ﬁ” a Stagdard Bernoulli equation mogell for '”Comprezs'b'ﬁating blade is replaced by a solid body whose thickness is
ows and on awave propagation model are compared. NHiodified to account for the vaporised region on its surface.

_mencal applications are prgsented to gnalyse Fhe Capabfie model is valid only to describe sheet cavities attached
ity of these two methodologies to describe the d|sturbanc?(§ the blade surface

generated by non cavitating and cavitating propellers in op-
erating conditions. An alternative approach to describe propeller cavitation ef-
fects on noise emission and radiation is discussed by Testa

. o . (2008) where an original interpretation of the porous FW-
Marine Propellers, Cavitation, Pressure Fluctuation ) g P P

Ffowcs-Williams and Hawkings equation, Boundary Ele- formulation I.S |r.1troduced.. The methodglogy referred
ment Methods to as theTranspiration Velocity Modeg(TVM) is based on

the assumption that the perturbation induced by a cavity
1 INTRODUCTION attached or lipping a solid surface may be approximately
The design of high performance marine propellers is typepresented by a suitable velocity distribution normal to the

ically the result of a trade-off among opposing factorssurface and thus violating the impermeability condition on
Modelling blade shapes to achieve efficiency gains is usthat surface.

ally hindered by increased levels of cavitation characteriz- ) ] ) o
ing theoptimisedconfigurations. The evaluation of a givenAlm of this paper is to present numerical applications by

design requires then a careful assessment of the nuisaﬁlas FW-H/TVM model and to compare results with those

introduced when additional cavitation is allowed. ItfollowsObtalned by a standard approach based on the Bernoulli

that the full exploitation of modern design and optimizatior?quation' As an extension of previqus wgrk in Testq et_ al.
techniques implies that reliable predictions of propeller in(2005) and_ Tes.ta et al. (2008) .d_eallng with non-gawtatln_g
propellers in uniform flow conditions, the emphasis here is

duced pressures are available. o '
. . Co on the capability of FW-H/TVM and Bernoulli methods to
Consistent with classical inviscid-flow propeller hydrody- i , o .
escribe the effects of transient cavitation occurring on a

namics models, computational approaches are common¥ o .
used in which the pressure field induced by a propellé)r opeller operating in a non-homogeneous wakefield.

is described through the solution of the Bernoulli equaPropeller flow predictions are obtained through a Boundary
tion for incompressible flows. With the advent of vis-Element Method (BEM) for potential flows combined to an
cous flow models, induced pressure disturbances follounsteady sheet cavitation model. Propeller induced noise is
from the numerical solution of Reynolds Averaged Navierstudied considering a single propeller in unbounded flow.
Stokes Equations (RANSE) in which incompressible flowPropeller induced pressure fluctuations on a solid boundary
assumptions are still present. are studied by considering a notional propeller/hull-plate
Only recently, physically consistent models in which preseonfiguration. Comparisons between isolated propeller and
sure disturbances are modelled by equations describipgopeller-plate configurations are made through the solid
wave propagation through a compressible medium hawmundary factor model (Huse (1996)).
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2 THEORETICAL MODEL

In this section propeller hydrodynamics and hydroacoustic
models are described.

The hydrodynamic model used for propeller performanc
predictions also provides the input for the two hydroacous
tic models considered. Propeller hydrodynamics is stuc
ied via a Boundary Element Method (BEM) for inviscid
flows around lifting/thrusting bodies. The methodology <
is recalled here to clarify the coupling with hydroacoustic . %p(t=0)
models addressed in the following sections. Details of thi Yall) )
hydrodynamic model are given in Salvatore et al. (2002 “

and Greco et al. (2004).

2.1 Propeller Hydrodynamic model
Assuming the onset flow is incompressible and inviscid,

perturbation velocity induced by fluid-body interactionsFigure 1: Notional propeller, rudder and hull-plate config-
may be represented as the gradient of a scalar potentialwation and definition of rotating frame of reference.

v = V, whereyp denotes the velocity potential. Continu-
ity equation is recast into the Laplace equatiéfy = 0
which, following a classical derivation (see.g, Morino
(1993)) yields a very general integral expressiongoat
an arbitrary poink

z.(t=0)

yg(t=0)

Once velocity potentiap is determined from Eq. (1), pres-
sure is evaluated from the Bernoulli theorem which, in the
rotating frame of reference reads

Ay oG
e = (526 o5 )as
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i 0c 8t+2q +p+gZo 201+p, (2)
- [ aeGas), )
Sw wherev, is the velocity of flow incoming to the propeller,

This general expression holds for the velocity potentiay — v, + Vp, whereag, is the freestream pressureis
field surrounding a solid body of surfacg, arbitrarily the fluid densitygz is the local hydrostatic head.
moving with respect to a fluid with a prescribed onset flowrhe Bernoulli equation allows to determine the pressure

Quantity G = —1/4r|x — y| is the Green's function in gjstribution over the solid surfaces (propeller and hull
an unbounded three-dimensional domain, ansithe out-  pjate). By integrating pressure stress normal to the solid
ward unit normal to5, . surface, the inviscid-part of propeller loads is evaluated. To

A key for present applications of Eq. (1) to hydrodynamyccount for viscosity induced tangential stress, the present
ics and hydroacoustics problems is functibifx). This BEM can be coupled with a boundary-layer model as de-
quantity is defined in the whole space and eqaly2,1,  g¢ribed in Salvatore et al. (2003). Although fundamental
respectively, ifx is inside, on, or outside the fluid/solid in- 5 5 correct description of loads, viscosity effects play a
terfaceS5,,. Introducing the field function’(x), Eq. (1) minor role in noise emission and propagation aspects ad-
is formally valid to evaluate the velocity potential over theyressed in the present paper. Thus, skin friction contribu-

surface of a solid body or inside the fluid region surroundsjons to thrust and torque are simply estimated here through
ing it. In the present studys,, denotes the surface of a 4, approximated flat plate model.

propeller and of a solid plate above it, as shown in Fig. lln the present study, Eq. (2) is also the basis for one of

where Fhe rotating frame of rgference f?xed to propelle{he two models addressed in the paper to evaluate pressure
blades is also sketched. Following potential flow theory fofadiated in the flowfield. as described later

lifting/thrusting bodiesS,, denotes the trailing wake sur-

face where vorticity generated on propeller blades is sheéc? Propeller cavitation model

downstream. Quantitdy represents the potential discon-The inviscid-flow formulation outlined above is combined
tinuity on S,,, directly related to the intensity of vorticity to a cavitation model that is valid to address sheet cavi-
distributed along the wake (see Batchelor (1967)). ties forming at the leading edge of a lifting surface. The
Equation (1) withx € S, and E(x) = 1/2 provides a methodology derived by Kinnas and Fine (1992) is de-
boundary integral equation that is solved imposing impescribed in Salvatore et al. (2003).

meability conditions orf, and vorticity convection with- Vaporization is directly related to local pressure dropping
out pressure jump at blade trailing edge $gr (see Morino  to vapor pressurg,. Then, the cavitating flow region is
(1993), for details). Bondary conditions to account for caveetermined as the flow region attached to the body surface
itating regions on blade surfaces are addressed later.  and limited by a surfacé_ where the following dynamic



condition derived from the Bernoulli Eq. (2) holds wherep, = ¢(x,). The above expression is derived from
Eqg. (2) in the particular case of an acoustic observer travel-
ge = [(nD,)?0, — 2(00/0t + gzo) + 077, (3) ling at speedy, along az-axis, see Fig. 1.
Equation (1) is still valid if the fluid/solid interfac&, in-
cludes propeller and hull plate surfaces. Combining Eq. (1)

. i and the Bernoulli theorem, a coupled hydrodynamic and
whereasD,, is the propeller diameter. The above expresqy qqacoustic model for incompressible flows based on
sion is manipulated to obtain a Dirichlet—type condition BEM is formulated

whereo,, = (po — pu)/2p(nD,)? denotes the cavita-
tion number referred to the propeller rotational spegd

¢ . If the acoustic observer lies a, , the velocity potentiap
eE&n) =9 Eren) + F(o)d¢ onS,, (4) anditsgradien¥ ¢ are determined by the numerical solu-
Sorp tion of Eq. (1) used as a boundary integral equation (with

where¢,,, , is the cavity leading edge abscissa in chord£(x) = 1/2). Next, pressure follows from Eq. (2).

wise direction¢, the abscissa in spanwise directionis If the acoustic observer is immersed into the fluid region,
FunctionZ (o) is derived from Eq. (3) and provides the link & tWo-step boundary integral problem is solved. First, the
between velocity potential and local pressure under caWelocity potentialo on S, is determined by solving Eq. (1)
tating flow conditions. Suitable conditions are imposed &S & boundary integral equation (same as above). Next, ve-
cavity trailing edge as described in Salvatore et al. (2003J0City potentialy, at acoustic observer is evaluated from
An expression of the cavity thickneas is obtained by im- Eqg. (1) recast as a boundary integral representation (with
posing a non—penetration condition 8p. By combining £(Xe) = 1). Finally, pressurg, at acoustic observer fol-
the constant—pressure and the non—penetration conditiolf&¥s from Eq. (6).

it follows that S, is a material surface. Denoting k8., 2.4 Propeller Hydroacoustics: the Transpiration Ve-

the cavitating portion of the body surface, and By the locity Modelling

surface gradient acting on it, one has In this section the Ffowcs Williams and Hawkings Equa-
on tion (FWHE) is proposed as hydroacoustic solver for the
87150 +Vihe q = Xe onS,,, (5) prediction of noise generated by marine screw propellers.

Although the formulation addressed is general, the empha-

wherey, = d¢/0n + v, - n. Equation (5) provides a sis here is posed on the modelling of cavitation effects.
partial differential equation fok,. that may be solved once Specifically, a hydroacoustic solver based on the Transpi-
the potential field is known. ration Velocity Model (TVM) introduced by Testa (2008)
The resulting formulation for both non cavitating and cavis used to describe no_ise emission gnd radiation due to oc-
itating flows is numerically studied via a nonlinear BEM.CUITence of a fluctuating vapor cavity on the blades of a
Non cavitating potential flow is determined by solving gpropeller operating in a wakefield. Transient cavity emis-
Neumann problem fap in which quantitydp/dn onS,, is sions are accounted for through fictitious flow velocities
known through the impermeability condition. When vapordistributed on the cavitating region of the blade.

ization on the body surface is detected, the solution follow§nrough an elegant manipulation of mass and momentum
from a mixed Neumann-Dirichlet problem in which Eg. (4)equations and using the generalised function theory ( Faras-
provides a non-linear boundary condition foon the cav- Sat (1994)), under assumptions of compressible flow with-
itating portion of the body surface. Recalling that both th&Ut S|gn|f|cant entropy changes,.a npn—homogeneous wave
trailing wake surface,, and the cavity surfacs,_, are not €quation may be derived. Considering two-phase flows to
known a priori, the resulting problem is non linear and isaddress cavitation, the additional assumption of negligible
numerically solved through an iterative procedure. spatial gradients of local speed of sound and density has to
In the present study, the problem of determining a flowP® imposed. Then denoting by(x,t) = 0 a permeable
aligned wake shape (see,g., Greco et al. (2004)) is not surfaceS moving with velocityv and enclosing both the

addressed and surfasg, is prescribed as a helicoidal sur- noise sources and solid surfaces, the permeable form of the
face with given distribution of local pitch. FW-H equation (Ffowcs Williams and Hawkings (1969),

. _ . Brentner (2000) and Di Francescantonio (1997)) reads
2.3 Radiated pressure by the Bernoulli equation

In the framework of inviscid-flow formulations, pressure 2, 0 5
radiated by a moving body can be evaluated through the p a5t {lpov+p(u=v)]-VFo(f)}
Bernoulli equation (2). Specifically, the perturbation in- — V- [PVFf§(f)]
duF:ed at an arbitrary location, (acoustic observer) in the ~ Vpu®u—v) V()]
fluid domain reads - 3
+ VAV [TH(f)]} VvxeRr
dpa dp, 1 9
p(%a,t) = po— p( o T, T 5Vl ) » 6) \wherep’ = 2 is the acoustic disturbancg,= (p — po)



represents the density perturbation apdo, denoting, re- blade regionsS,, where transient sheet cavitation occurs.
spectively, the speed of sound and the density of the undistdeed, the fluctuating cavity volume produces a difference
turbed medium. The bars denote generalized differentibbtween the normal components of the rigid—body veloc-
operators and? = (1/c3)(52/5t2) ~V’is the general- ity, v, and of the fluid velocityn, that, in the body frame
ized wave operator. In additio®® = (p — po)I = pI  of reference, corresponds to
andT = pu®u + (p — co?p) I denote the compressive

stress tensor and the Lighthill tensor, respectivelis the (u—v)-n=
fluid velocity, whereadd and$ are Heaviside and Dirac

delta functions. These two operators point out the differer8uch term, defined amavitating transpiration velocity is
nature of the source terms in the right-hand side of Eq.(7fhe term through which, in Eq. (7), the effect of the dynam-
The Dirac operator yields surface terms directly related tizs of the bubble is included without arbitrarily introducing
the effect of the surfac¢(x,t) = 0, whereas the Heavi- effects related to (not compatible, in the integral formula-
side operator introduces volume contributions accountintipn for rigid surfaces applied) surface deformations due to
for noise sources outside this surfageddrupole term the growth and collapse of the cavity. Hence, decomposing
Akin to non—cavitating propellers, the quadrupole term cathe fluid density as

be neglected in Eqg. (7) in thatsanall thickness attached

cavity does not induce strong velocity perturbations in the p=po+p 9)

flow field. Hence, assuming the nonlinear perturbation field . . . )
terms to be negligible, and choosifiguch thatV f| = 1, where p’ indicates the (small) density perturbation with

the boundary integral representation of the acoustic ﬁelr&spect to the un.dls.turbed medium density, and assuming
governed by Eq. (7) is given by p' << po, the third integral of Eq. (7) recasts

dh,
dt

8

) dhe o d?h, N .
p(x,t) = —/po[v-nv-VG I3 = —po ; [dt u -VG—FW(l—u V)G
S CB
+ [v-n(l—v-V@)]G] ds _ e (u'+)-w} ds
) dt 9

— /[(P n) - A (P n)-Vé GL ds describing the acoustic effects induced by the cavitation
s bubble. Note that this physically consistent way of pre-

— / {p u -nut-VQ@ dicting noise is obtained at the price of a significant com-
S A putational efforts because of the need to compute first and

+ [puTn(1-u"-V)| G} , dS  (7)  second order time derivatives of the function describing a

rapidly changing cavity thickness. This implies that a com-

where each integral is expressed in a frame of refereng.onsive insight into the correlations between cavitation
that is fixed withS. In the equation above;™ = (u — pattern and radiated noise is required.

v), ut = (u+ v), whereas
3 NUMERICAL APPLICATIONS
R 1 -1 The hydroacoustic models described above are applied here
G = Anr 1+ to study pressure fluctuations induced by a propeller oper-
wherer =y —x andr = ||r

ating in a non-homogeneous wakefield.
, with the vectorsx andy  Two different configurations are considered: a single four-

denoting the observer and source position, respectively. bladed propeller in an unbounded domain (addressed here-

In addition, the symbql') denotes time derivation, whereasafter as theunboundedconfiguration, top-right plot in

the subscrip# indicates quantities that are evaluated at th€ig. 2) and a propeller operating below a horizontal solid

emission timet — 6, which represents, given observer timeplate qull-plate configuration, top-left plot in Fig. 2). De-

t, and locationx, the instant when the contribution to thespite the apparent simplifications, thell-plate configura-

current acoustic disturbance was released fyom tion is intended to be representative of a propeller working

The above boundary integral representation for permeahlethe ship aftbody.

surface requires the knowledge of the kinematics of the suin the present case, the hull is sketched by a squared hor-

faceS as well as the pressure and the flow—field velocity oizontal plate with spard., = L, = 5.0D,, and thickness

the surface itself to evaluate the pressure disturbance evefytD,. and at vertical distancé,;,;c = 0.66D, from

where in the field. The application of Eqg. (7) to cavitatingthe propeller axis. The plate is centered with respect to

propellers subject to sheet cavitation is straightforward bgoint (xz, = 0,y, = 0) of the propeller frame of refer-

observing that the cavity thicknessis very thin compared ence, Fig. 1.

to blade chord and assuming the surfad® be coincident To describe results of fluctuating pressure calculations on

with the blade surfac§,, with porosity contributions from the hull plate, nine representative locations (hydrophones)

r-v

CoT




are taken into consideration, as shown in Figs. 2 where prpertion of the blade as a function of blade angular position
peller and trailing wake are shown (flow incoming from thefor the three different,, values is also depicted.

left). Hydrophone coordinates with respect to the propeller

are also given. ]

1,2,3 4,56 7,89 1,2,3
I T ] 1 O O T °

0 y D
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Figure 3: Propeller in cavitating non-homogeneous flow:
Y J = 0.897. Left: cavity pattern ab = 0°, o, = 3.645.

Fl . - ; . "
o Right: variation of cavity area with blade angular position.

Je . _ -
X 3.1 Radiated pressure: non—cavitating conditions

In this Section a numerical comparison between the hy-
droacoustics predictions performed through the Bernoulli
equation model, Section 2.3, and the FWHE model, Sec-
tion 2.4, is shown. The noise field generated by an iso-
lated non-cavitating propeller in a non-homogeneous wake
is predicted in three representative locations, whose coordi-
nates (with respect to the propeller) are specified in Fig. 2.
For the sake of clarity, time domain pressure signals in-
Te duced by one blade of the four-bladed screw are consid-
ered. The analysis of Fig. 4 highlights a very good agree-

Hydrophone x/D, y/D, ment for hydrophone 2 and 5 located, respectively, up-
P1, P2, P3 -1.21 -1.06, 0.01, 1.06 stream and close to the propeller disk. The agreement is
P4, P5, Ps -0.22 -0.48, 0.01, 0.48 worse for hydrophone 8 located downstream the propeller
P7, Ps, P9 0.43 -0.48, 0.01, 0.48 disk because of the more intense acoustic effect of the trail-
ing wake. Discrepancies in the acoustic signature, related

Figure 2: Propeller-hull plate configuration and location of° the_spatial position of the hydrophones, have been ana-
hydrophones. Tophull-plate configuration (left) andin- lyzed in the past by the authors (Testa et al. (2008), Testa
boundedconfiguration (right). Middle: view from the top. (2008)).

Bottom: coordinates of hydrophonew-éxis para||e| to The guidelines derived from those studies are that, in the

prope”er axis and pointing downstreamF 0 at intersec- frame-work of potentia| flows and linear aCOUStiCS, the
tion with prope”er reference p|ane)_ Ffowcs Williams and HaWkingS equation yle|dS noise Sig'

nature predictions not directly affected by the presence of
Propeller operating conditions reflect a test case describdite potential wake. Specifically, only the loading noise
in Salvatore et al (2006). The INSEAN E779A modelterm somehow accounts for the precence of the wake
propeller operates in a non-homogeneous wakefield redrough the pressure distribution upon the blades. The
ized through a wake generator. Freestream velocity Rcoustics effects of the wake may be completely modeled
Vo = 6.22 m/s, and propeller rotational speedhis= 30.5 through the quadrupole contribution, that is, by including
rps. The advance coefficient referred to free stream i3on linear terms associated to the flow velocity. On the
J = 0.897. See Salvatore et al. (2006) for details orcontrary, the Bernoulli-based approach is directly able to
the model propeller geometry and wakefield measuremerttgpture the acoustic influence of the shed wake. Follow-
through Laser-Doppler Velocimetry. ing Testa (2008), from a theoretical standpoint the use of a
Non cavitating conditions and cavitating conditions correwake locally aligned with the fluid velocity should improve
sponding to cavitation number values = 2.835,3.645 the agreement between the two formulations.
and 4.445 are considered. Figure 3 shows the cavitatidio analyse the effect of hydrophone positions on pressure
pattern ato,, = 3.645 when the blade is in the top right fluctuations, the processing of time signals in frequency
positions (angle®® = 0°). The extension of the cavitating domain is very helpful. To this purpose, the actual four—
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Figure 4: Non-cavitating propeller: time histories of single-blade pressure signals at hydrophones no. 2, 5, 8.
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Figure 5: Non-cavitating propeller: spectrum of the pressure signals at hydrophones no. 2, 5, 8.

bladed propulsor is considered and Fourier analysis is per- 200 [ p————
formed for each corresponding time signal. Amplitudes of F-H non cavitating =1
Fourier harmonics referred to propeller revolution period
T as the reference frequenclP¥ = 1/T) are shown in
Fig. 5. Due to typical cancellation of signals from multiple
sources (blades) whose contributions differ only in phase,
Fourier harmonics are non zero only at multiples of blade
passing frequencp PF = 4 x PF.

The comparison among the two hydroacoustic models is
good over the whole range of frequency addressed. Com-
paring different hydrophones, first harmonic intensities are 0 . s o e o
much affected by hydrophone location upstream, at or Harmonic index [
downstream propeller disk. Moreover, the quantitative im- ) )
portance of higher order harmonics is also dependent (l):ﬁgure 6. Spectrum (in dB) of the pressure signal at hy-
hydrophone locations (radiated pressure directivity). drophone 5

Both Fig. 4 and Fig. 5 show pressure levels in Pascal. A

different way to present results is to convert intensity into

Decibel. Given a pressure signgk), conversion to Deci- 3.2 Radiated pressure: cavitating conditions

bel is obtained as The analysis of pressure induced by a non cavitating pro-
peller is now extended to the case of cavitating flow. Op-
erating conditions are same as above except for free stream
wherep,..; = 11075 Pais typically used for acoustics in pressure which is lowered from atmospheric pressure to a
water. For hydrophone no. 5, the result is shown in Fig. 8/alue corresponding te,, = 3.645. Under such condi-
Comparing Fig. 6 and the second picture of Fig. 5 it magions, transient cavitation is present on propeller blades.

be noted that, data presented in dB are useful to appreci&avitating and non cavitating flow results obtained by the
higher harmonics having small intensity in Pascal. Bernoulli-based approach are first compared to highlight

Pressure [dB]

dB = 2010910 (1/20 p/prey) (10)



400

0 R g in terms of pressure peak amplitudes appear. Such dis-
e crepancies are largely explained because of different com-
putational schemes used by the two hydroacosutic ap-
proaches to compute noise emissions due to transient cav-

i 30 | ities. Specifically, the Bernoulli equation captures cavita-

- H = \“ | tion noise through spatial and time first order derivatives of
“ g | NS : the velocity potential evaluated through boundary integral

A - L equations as Eq. (1). Local sharp variations in time and
DR oo M " space of the velocity potential and its normal derivative on
o ' O S, due to the transient cavity dynamics are smoothed when
10 Aﬂ using Eqg. (1) to evaluate the effects at the observer location.

e j 1 Differently, the integral solution by the FWH/TVM model
5°°JM\ is characterized by the presence of time derivatives up to
‘ \’ the second order in the kernel of the integrals, see Eq. (10).
Due to the quasi-impulsive nature of cavitation dynamics
expecially in the collapsing phase, the overall pressure sig-
PR ymrra nature might be affected in case of non sufficiently time-

02 04 06 08 10

uTH accurate hydrodynamics predictions of the cavitating flow.

Figure 7: Single-blade pressure signal in non-cavitatinghe mves;ﬂggﬂons gf r_nodetilln?] as well as r;]umerlcal
and cavitating conditions at hydrophones no. 2, 5, 8. SOUTCES 0T noise pre |cF|ons y the two approaches are un-
derway and further studies are necessary. However, present

results allow to claim that once a BEM-based hydrody-

namics model provides the required input to both Bernoulli
the impact of transient cavitation on radiated pressurenq FWH/TVM approaches{i) both the Bernoulli equa-
Specifically, Figure 7 shows time histories of pressure injon ang TvM enable to describe noise radiation from an
duced by a single blade on hydrophones no. 2-5-8 overg,stic sourcji) quasi-implusive pressure disturbance
propeller revolution period’. Principal features are: due to cavity formation, growth and collapse phases can

e transient cavitation on blades yields a large increase QF dgspnbed by the two approaches aIthqugh quantlt.atlve
pressure peak intensity with respect to non cavitatinBred'Ct'onS are affected by different numerical uncertainty.
conditions; As a matter of fact, this is the the main difference between

the hydroacoustics solvers herein compared, making the

e pressure pulses due to transient cavitation presenfT&Y M model more sensitive to the occurrence of cavita-
quasi-impulsive nature, with one main (negative) peakon. In the frequency domain, Fig. 9 shows how the en-
and one-two secondary ones; ergy associated with the cyclic collapse of the cavity is re-

distributed over a wide range of frequencies. Coherently to

o time signals reveal a very different frequency contenge analysis in the time domain, the spectrum of cavitation
of radiated pressure in case of cavitating and norhoise signals obtained through Bernoulli and FW-H models
cavitating flow, with high frequency contributions dueexhibits differences in terms of harmonics magnitude over
to transient cavitation. the examined frequency range (20BPF). In terms of Deci-

, , : bel noise mesurements, Fig. 10 shows how the same level

Correlation of pressure pulses and time evolution of tran-

, . . . of noise is predicted throughout the overall spectra of fre-
sient cavity volume yields that the main pressure peak oc-

hen th itv coll 050 " Fig. 8 guencies. The different wave—shape of pressure time his-
curs when the cavity collapses/( o qrca, |.n ig. 8). tories determines a poor agreement at 4BPF and 8BPF fre-
In the present case study, the wakefield incoming to the pro- . . .
i i i uencies. The agreement improves from 12BPF to higher
peller presents an intense velocity defect with sharp bouna- : . . .
. . __ _Trequencies. Previous conclusions are confirmed by results
aries (see Salvatore et al (2006b)). This traduces into a - : o "
. . . . presented in Fig. 11 where different cavitation conditions
rapid collapse of blade cavity with a resulting strong pres-__ . .
are investigared.
sure peak.
Akin to non-cavitating propellers analysis, the FWHE is3-3 Pressure fluctuations on hull plate
now applied to evaluate the noise field generated by she®h important issue in the framework of propeller hydroa-
cavitation on propeller blades, and results are comparedustics is the evaluation of pressure fluctuations induced
to those obtained through the Bernoulli equation modeto the hull plate. This is a challenging task involving the
Figure 8 shows that both models predict the same trerfydrodynamic interactions between the hull wakefield and

of noise signatures although some significant differencele propeller, and the effects of the hull plate scattering the
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Figure 8: Cavitating propeller: noise induced by a single blade at hydrophones no. 2, 5, 8.
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Figure 9: Cavitating propeller: spectrum in Pascal of induced noise at hydrophones no. 2, 5, 8.
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Figure 10: Cavitating propeller: spectrum (in dB) of induced noise at hydrophone no. 5.

propeller-induced noise. Here, a preliminary study is prewhich the solid wall is not explicitely taken into account in
sented in which the two methodologies described above angdrodynamics calculations. Then, pressure signals deter-
applied to analyse the notional propeller-plate configuranined on the plate surface are very close to those evaluated
tions in Fig. 2 under non-cavitating flow conditions. in the same locations by removing the solid plate:

In the present case where a flat horizontal plate is con-
sidered, the Solid Boundary Fact6bf concept by Huse
(1996) can be applied to estimate the intensity of pressuaecording to Huse (1996), a factSbf = 2 can describe
fluctuations on a solid wall through a simplified model inwith reasonable accuracy the case of a flat solid plate. Once

DPpropeller+plate = Sbf X Psingle propeller (11)
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Figure 11: Time signals (top) and spectra (bottom) of caviFigure 12: Propeller-hull plate configuration: hydrody-
tation noise at hydrophone no. 5 for two different cavitatiomamic effect of solid plate on propeller induced pressure.
numbers. Hydrophones no. 2, 5, 8.

a Solid Boundary Factobbf = 2 is applied, differences y,ations (wavelets) are present over the left side of the plate,
in predicted pressure signals are primarily due to the difypoye the propeller wake (in the picture, flow is from right

ferent numerical scheme used to evaluate pressure by #8eft). The effect of propeller blades rotation is that pres-
Bernoulli equation in the two cases.

It should also be noted that the Solid Boundary Factor con- |
cept is strictly valid only if the plate is not affecting the Bladeindced
flowfield around the propeller. In the present case study peaks
addressing the propeller-plate configuration in Fig. 2, such

a condition is largely satisfied as illustrated in Fig. 12.

This figure shows calculated pressure signals at three rep-

resentative hydrophone locations, ps, ps, immersed in

the open flow by using the Bernoulli hydroacoustic model. Wake-induced
Different results are obtained by using as input hydrody- wavelets
namic solutions from:(i) a single propeller configuration ‘
(labelisolated propelle), and(ii) a propeller-plate config-

uration (labelpropeller and platg Differences between
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Figure 13: Propeller-hull plate: propeller-induced pressure

the two modelling approaches are negligible. istributi I ¢ T di
The result is not general for flat horizontal plates an(‘fiiIStrI ution on plate sura.ce. Ime step corre;pon ing to
reference propeller blade in twelve o’clock position.

mostly depends on vertical distance of plate from the pro-
peller. If the plate is very close to propeller blade tips, then o ) ) .
propeller flow confinement effects are present and Soligt"® peaks vary in intensity and Iocatlons.. Th|.s effect may
Boundary Factor correction from Eq. (11) is not valid. ThéDe observed from pressure maps shown in Fig. 14, where

present computational model provides a tool to determirﬂ:OW is from top to bottom and blades rotate from left to

the range of applicability of a simplified hydroacousticright when approaching the hull plate. Six different blade

model based on single propeller hydrodynamics and Sol!9ular positions, betweeh= 0° and9 = 90° with step
Boundary Factor correction. 18 degrees are represented.

Figure 13 shows the intensity and distribution of pressuré CONCLUDING REMARKS

on the plate at a representative time step, correspondingTao hydrodynamic-hydroacoustic methodologies for the
a propeller blade in the twelve o’clock position. One posianalysis of radiated noise and pressure fluctuations induced
tive and one negative pressure peak are located in the plalenon cavitating and cavitating propellers have been pre-
region just above the propeller. Less intense pressure flugented.
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Figure 14: Propeller-hull plate configuration: propeller-induced pressure distribution on plate surface. From top left to
bottom right: time sequence corresponding to key propeller blade betivedi? andd = 90° with step18 degrees.

Propeller hydrodynamics is described by a BEM coupleBurther investigations are deemed necessary to clearly as-
with a nonlinear unsteady sheet cavitation model, ansess the range of applicability of the two hydroacoustic
numerical applications address a single propeller and raethodologies and to provide guidelines for the application
propeller-plate asseembly in a strongly non-homogeneoon$ those models to automated design in which propeller
wakefield. Hydroacoustic models are based on a standardise emission and radiation represent primary constraints.
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