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ABSTRACT

Propeller-induced hull pressure fluctuations are one of the
primary sources of shipboard noise and vibration. While
the hydrodynamic boundary element method (BEM) ef-
ficiently predicts these pressures, it traditionally neglects
viscous effects that can significantly influence the pres-
sure field. This paper presents an enhanced prediction
method that incorporates boundary layer corrections into
the BEM for hull pressure analysis. The approach couples
a three-dimensional BEM solver with an unsteady bound-
ary layer formulation, where displacement thickness ef-
fects are converted to equivalent source distributions. This
viscous/inviscid interactive method addresses a key lim-
itation identified in previous potential-based predictions,
where boundary layer displacement thickness, which varies
from 5% to 15% of the blade thickness, was neglected de-
spite source-induced pressures decaying more slowly with
distance than dipole-induced pressures. The methodology
employs a BEM/RANS coupling to determine the effec-
tive wake field, followed by solution of the propeller per-
turbation flow, including viscous corrections. The bound-
ary layer solver iteratively computes displacement thick-
ness distributions on blade strips, which are then incorpo-
rated as additional source terms. Hull pressures are evalu-
ated using two hydroacoustic approaches: a pressure-BEM
method solving the diffraction problem and the Ffowcs
Williams-Hawkings (FW-H) acoustic analogy. These ap-
proaches provide insights into how boundary layer correc-
tions influence both near-field and acoustic pressure pre-
dictions. The method maintains the computational effi-
ciency of potential-flow approaches while capturing vis-
cous physics that influence hull pressure predictions. Par-
ticular attention is given to the spatial decay characteris-
tics of the boundary layer-induced sources and their rela-
tive importance at various hull locations. The inclusion of
boundary layer effects enhances the capability to predict
hull pressure fluctuations, providing designers with better
tools for mitigating propeller-induced noise and vibration.
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NOMENCLATURE

0 Momentum thickness

o* Displacement thickness

H =4*/6  Shape factor

H* =60*/0 XKinetic energy shape factor

Cy,Cp Skin friction, dissipation coefficients
C, Shear stress coefficient

U, Boundary layer edge velocity

o Blowing source, 9(U.0*)/0s

O, Vs Inviscid / viscous perturbation potential
G Green'’s function, —1/(4mr)

A ,Bgky; Dipole/ source influence matrices
Aoy Wake potential jump

Co Speed of sound in water

k=w/co Acoustic wavenumber

M, Source-observer Mach number

Te Retarded emission time

1 INTRODUCTION

Propeller-induced hull pressure fluctuations are a primary
mechanism for shipboard vibration and structure-borne
noise. Their accurate prediction during the design phase
is necessary for meeting comfort and structural fatigue re-
quirements. The boundary element method (BEM) offers
computational efficiency for this task through inviscid po-
tential theory, but systematically omits viscous contribu-
tions that modify the near-field pressure distribution. Blade
boundary layers introduce an equivalent transpiration ve-
locity proportional to the streamwise derivative of §*, gen-
erating monopole-type acoustic sources that augment the
kinematic source strength in the BEM model. Critically,
source-induced pressures decay as 7! in the acoustic far
field, compared to r~2 for dipole contributions from blade
loading, a difference that becomes consequential at hull
standoff distances. Su et al. (2018) noted that §* can reach
15% of local blade thickness and, given this decay-rate dis-
parity, identified boundary layer effects as a potentially sig-
nificant contributor to hull pressure fluctuations.

The viscous/inviscid interactive (VII) methodology for ma-
rine propellers was introduced by Hufford et al. (1994),
who coupled a potential-based panel method with a strip-
wise boundary layer solver. The strip-theory approach
is justified by experimental evidence from Jessup (1990),



showing that boundary layer development on propeller
blades occurs predominantly in the chordwise direction.
Subsequent developments incorporated full 3D inter-strip
blowing source coupling through BEM influence matrices
(Sun and Kinnas, 2008; Kinnas et al., 2012), and extended
the method to open and ducted propellers under steady in-
flow (Kim et al., 2018). Wu and Kinnas (2025) further
extended this methodology with additional 3D dipole cou-
pling, validated the method against RANS simulations and
experimental data for blade performance quantities, and
demonstrated that the viscous potential can serve as input
to hydroacoustic analysis.

The BEM-based pressure decomposition approach, which
separates the total hull pressure into a radiated propeller
contribution and a diffraction contribution on the hull, was
established by Breslin et al. (1982). For near-field prob-
lems where acoustic wavelengths are large relative to hull
dimensions, the Helmholtz equation reduces to Laplace’s
equation under the infinite-speed-of-sound approximation,
enabling an efficient frequency-domain boundary element
solution known as the pressure-BEM. Su et al. (2018)
demonstrated that unsteady wake alignment and a non-
axisymmetric effective wake significantly improve pre-
dicted hull pressure amplitudes; the method was subse-
quently applied to cavitating propellers by Kim and Kinnas
(2020, 2021).

For problems where the infinite-speed-of-sound assump-
tion is insufficient, the Ffowcs Williams—Hawkings (FW-
H) acoustic analogy (Ffowcs Williams and Hawkings,
1969; Farassat, 2007) provides a time-domain formula-
tion that accounts for retarded-time effects. Within the
BEM/FW-H framework, noise source predictions using
potential-based panel methods have been performed by
Testa et al. (2018) and Ebrahimi et al. (2019). Kim and
Kinnas (2022) extended this to include hull scattering in
full- and half-space domains; Kim and Kinnas (2025) fur-
ther applied the method to near-field acoustic prediction
for ducted and open propellers. Neither formulation has
previously incorporated viscous displacement effects. The
present work addresses this gap by coupling the BEM-BL
solution to both the pressure-BEM and the BEM/FW-H for-
mulations, and applying them to the SSPA P2772 propeller-
hull configuration for which experimental measurements
are available (Hallander and Lindell, 2013).

2 METHODOLOGY

2.1 BEM/RANS Coupling for Effective Wake

The propeller operates in a spatially non-uniform wake
generated by the upstream hull. Since the inviscid BEM
cannot resolve the velocity defect region and viscous inter-
actions between the hull and propeller, a BEM/RANS cou-
pling scheme (Su and Kinnas, 2017) is used to determine
the effective inflow. The propeller geometry is not modeled
explicitly in RANS; instead, the propeller influence is rep-
resented by a body force field F; and a mass source field @
added to the RANS equations:
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where U; and P are the Reynolds-averaged velocity and
pressure, and u;u; the Reynolds stress. The body force
field F; is computed from the pressure jump A P across the

blade mean camber surface:
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and the mass source field from the BEM source strengths
on both blade sides:
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The coupling iterates by subtracting the time-averaged
propeller-induced velocity from the total RANS flow field
to obtain the 3D effective wake, which is then passed back
as updated inflow to the BEM. Convergence is declared
when the radial circulation distribution 100G, stabilizes,

requiring five iterations for the P2772 case.

2.2 Viscous/Inviscid Interactive Method (BEM-BL)

The 3D BEM solves the perturbation potential ¢ satisfying
Laplace’s equation in the fluid domain. Applying Green’s
third identity to the blade and hub surface Sp and trailing
wake Sy gives:
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where G = —1/(4nr) is the free-space Green’s function

and Aoy is the potential jump across the wake satisfying
the Kutta condition. The kinematic boundary condition sets
the source strength:
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The boundary layer is solved stripwise at constant /R sec-
tions under the assumption that spanwise boundary layer
development is negligible compared to the chordwise di-
rection. The two-equation integral boundary layer model
governs momentum thickness 6 and kinetic energy shape
parameter H* along the chordwise coordinate via:

do 0 dU.  Cj

dH* o dv. . .G
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where U, is the boundary layer edge velocity, H = §*/6
the shape factor, C the skin friction coefficient, and Cp
the dissipation coefficient. Closure follows Falkner—Skan



correlations with e? transition prediction in the laminar re-
gion, and turbulent closure with a shear-lag correction.

The displacement thickness modifies the effective blade ge-
ometry through an equivalent transpiration velocity:
A(U.6%)
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where s is the arc-length along the strip. Assembling the
viscous potential equations across all M spanwise strips,
the viscous perturbation potential on strip K is:
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where Ai; and By are the N x N dipole and N X
(N + N,,) blowing source influence coefficient matrices
from strip J acting on strip K, computed from the full
3D panel geometry. The first correction term is the self-
induced blowing source on strip K; the two summations
capture the 3D inter-strip coupling through neighbouring
dipole and blowing source contributions. The viscous edge
velocity U ‘j? follows by chordwise arc-length differentia-
tion of Eq. (10), and is fed back into the boundary layer
solver to update 6*. Iterations converge in 3-5 cycles for
attached boundary layers, yielding the converged vis and
blade surface pressures p''® that serve as input to the hull
pressure formulations.

(10)

2.3 Hull Pressure: Infinite Speed of Sound (Pressure-
BEM)

The potential field (b% is governed by the Helmholtz equa-
tion,

V2 + k2R =0, an
where k = w/cy is the wavenumber and ¢ is the speed of
sound. For near-field hull pressure fluctuations induced by
marine propellers, the acoustic wavelength is much longer
than the hull dimension, so an infinite speed of sound
(co — 00, k — 0) can be assumed and the Helmholtz
equation reduces to the Laplace equation:

Vel = 0. (12)
Applying Green’s third identity with the rigid-hull bound-
ary condition (¢ /On = 0 on Sy) yields:
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where the right-hand side ¢%* collects the propeller and
wake contributions:
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The viscous correction enters by substituting qﬁﬁws for
the inviscid propeller potential, with blowing sources
8¢]€’VIS /On on Sp extended onto the wake sheet Sy via
on from Eq. (9). Discretizing Eq. (13) into Ny panels
yields:
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where D% is the potential induced at control point i by a
unit dipole on panel j. The system is solved independently
at each harmonic. The pressure time history is recovered
as:
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2.4 Hull Pressure: Finite Speed of Sound (BEM-BL/FW-
H)
Retaining finite ¢y, the incident acoustic field is computed
using the Farassat 1A formulation of the FW-H equation.
The total acoustic pressure decomposes into thickness and
loading contributions:

P'(x,t) = pr(x,1) + pL(x, 1), (17)
where the far-field (1/7) and near-field (1/72) terms of each
are retained:
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All quantities are evaluated at the retarded emission time
Te =t — 1(7e) /o, solved iteratively for each source panel
and observer time.

The viscous correction modifies both source terms. The
corrected blade normal velocity entering the thickness
noise integral is:

(20)

where oy is the blowing source from Eq. (9). The blade sur-
face pressure entering the loading noise integral is replaced
by pV*® from the converged BEM-BL solution.



Hull scattering is handled through the Helmholtz BIE. The
incident field Py = p/¥™s + p7¥™ plus the reflected image-
source field Pg drives the hull, and the total pressure satis-
fies:

z

C(P) Pr(P) = HEY

. Pr(Q) “on ds

+47 PYS(P)+ R, Pr(P) , (21)
where the modified Green’s function ¢)( P, Q) = e**f* /R +
R, ekl /R’ incorporates the reflecting plane (free surface:
R, = —1; rigid wall: R, = +1; unbounded: R, = 0).
The rigid-hull condition (OPr/On = 0) eliminates the
double-layer term from the hull self-integral.

3 APPLICATION: SSPA P2772 PROPELLER

3.1 Case Setup

The four-bladed SSPA P2772 propeller is tested at model
scale (1:20) in a cavitation tunnel with the ship hull at its
design draft (P/D|,/p—o.7 = 0.87, J, = 0.7758). Eight
pressure transducers (A—H) are arranged in a 3 x 3 grid
above the propeller plane, spaced 0.25D apart longitudi-
nally and transversely. Transducers C-E are directly above
the propeller plane; transducers A-B are 0.25D down-
stream. Experimental measurements are from Hallander
and Lindell (2013) and the experimental setup and trans-
ducer layout are shown in Figures 1.
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Figure 1: Model-scale SSPA P2772 propeller mounted on the
ship hull in the cavitation tunnel and the layout of pressure
transducers A-H on the hull surface

The propeller blade surface is discretized with 80 x 18
panels (chordwise x spanwise), full-cosine spacing chord-
wise and constant spacing spanwise. 120 streamwise pan-
els align the trailing wake. The hub is modeled as an in-
finite cylinder to avoid wake panel intersections. The ef-
fective wake is determined through BEM/RANS coupling,

with convergence achieved at the 5th iteration based on the
radial circulation distribution.

3.2 Open Water and Effective Wake Performance
The propeller performance is characterized by the thrust
coefficient K+ and torque coefficient K, defined as:

T Q
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where T is the thrust, () the torque, p the fluid density,
n the propeller rotational speed in revolutions per second,
and D the propeller diameter. Figure 2 compares K and
10K in open water. All three methods agree well on K.
For 10K, the inviscid BEM underpredicts at all advance
ratios due to absent viscous drag. The constant-C'y correc-
tion (Cy = 0.004) overpredicts at low advance ratios, while
BEM-BL shows the closest agreement across the tested
range J; = 0.3-0.8.

(22)
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Figure 2: Open water performance of the SSPA P2772 pro-
peller: Kt and 10Kq predicted by inviscid BEM, BEM with
constant friction (C¢ = 0:004), and BEM-BL, compared
against experiment over Js = 0:3-0:8.
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Figure 3: Propeller forces under the effective wake: Kt and
10Kq predicted by inviscid BEM, BEM with constant fric-
tion (C¢ = 0:004), and BEM-BL compared against exper-
iment (Hallander and Lindell, 2013). Dashed vertical line
marks the design draft conditions LC1 (Js = 0:7758) and
LC3 (Js = 0:798)






