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ABSTRACT

The structural response of a rudder in the wake of a marine propeller is investigated by one-way fluid–structure interaction approach. The
unsteady pressure field gathered by detached eddy simulations is provided to a structural solver for the computation of deformations and
stresses of the rudder. The study compares the structural response of the rudder at neutral and two equal and opposite rotations, which are
representative of design conditions in straight motion and maneuvering conditions that are experienced under the action of the autopilot for
course control or weak maneuvering. The analysis sheds light on the different structural behavior at the two opposite rotation angles, caused
by asymmetrical variation along the span of the rudder of the angle of attack induced by the propeller slipstream, by considering the different
role played by the tip and hub vortical systems. The test case consists of a rudder with a rectangular plane area and National Advisory
Committee for Aeronautics 0015 sectional profile located past the E779A propeller. The propeller operates at low loading conditions, and the
rudder is set at incidenced ¼ 08; 6 48. The study shows that the response of the rudder is driven by flap and torsion and is asymmetric for
the two and opposite rotations. The mean deformation and vibratory response are magnified ford ¼ � 48by at least 70% and 20% for the lat-
eral and edgewise deflections, respectively, with respect to the opposite rudder incidence. In general, the excitation generated by the tip vortex
is stronger than that of the hub vortex. In the most critical condition, atd ¼ � 48, the excitation associated with the tip vortex is nearly double
that of the hub vortex.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0201867

I. INTRODUCTION

The marine rudder is a basic and fundamental element of the
ship: being tasked to the course stabilization, control, and maneuvering
of the vehicle, it is crucial for the safety and continuity ofoperation at
sea, comfort onboard, and environmental pollution. In the past few
years, the tightening of the requirements imposed by International
Maritime Organisation (IMO) and international classification authori-
ties on these items has entailed further challenges for the designer.
Since it has to warrant high efficiency in a broad range of operational
conditions, it is usually installed at the stern of the ship and behind the
propeller in order to recover momentum from its wake and hence
maximize the loads and promptness of ship maneuver. As a sideeffect,
the interaction with the propeller causes the generation of dynamic
loads that significantly impact the structural design of the rudder and
the stern of the hull, as well as the sizing of its machinery system. In
fact, the wake of the propeller is a complex system of vortices that

impinges the rudder wall periodically at each blade passage. This pro-
cess causes pressure fluctuations and vibrations that worsen the fatigue
and static strength of the hull and rudder machinery system, the acous-
tic signature of the ship, and, ultimately, the onboard comfort.1,2 The
quantification, through numerical simulations, of the loads that are
generated by the rudder past a propeller is challenging, because a myr-
iad of length and temporal scales need to be solved for the reliable eval-
uation of the flow field: it depends on the propeller operating
condition that, in turn, is related to the wake characteristics of the ship.
Moreover, the propeller wake is composed of coherent structures,
namely, the tip, hub, and blade vortex sheet, that have distinct mor-
phology and strength and interact with the wall of the foil in different
ways. In fact, the tip and blade vortex sheets leave the blade along a
helicoidal path, whereas the hub vortex detaches straight from the hub.
As a result, the tip and blade vortex sheets impinge the leadingedge of
the rudder almost perpendicularly, while the hub vortex collides with
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the rudder along its axis. In general, the interaction of these coherent
structures with the wall can be divided into a collision and atraveling
phase.3,4 The collision phase is the most violent process, because the
progressive penetration of the leading edge of the foil blocks the axial
flow inside the vortex tube, yielding a stagnation point and, conse-
quently, pressure peaks that gradually drop after the complete cut of
the vortices into two different branches. During this phase, the signa-
ture of the tip and hub vortex is dominated by the tonal shaft fre-
quency (first and second SFs) and by the blade passing frequency (first
BPF), respectively. However, in the case of the hub vortex, there is a
more significant broadband content, triggered by the local dynamics of
the blade root vortex and blade vortex sheet.4 Afterward, in the travel-
ing phase, the branches scroll along the wall and merge with the
boundary layer of the rudder, yielding a redistribution of vorticity and
energy that mitigate the pressure fluctuations toward the trailing edge
of the rudder. In this interval, the dynamics and the associated signa-
ture of the vortex structures substantially differ from each other. The
branches of the tip vortex provoke pressure pulses characterized by a
tonal content also at multiples of the BPF. This energy transfer is asso-
ciated with a destabilization process (elliptic instability) triggeredby
the propagation of pressure waves inside the vortex tubes after the cut-
ting.5 On the suction side, the chunk is more stretched and tilted
toward the wall, and the consequent increase in vorticity amplifies the
process of merging with the boundary layer of the wall, causing the
decay of the pressure fluctuations. Conversely, on the pressure side,
this process is undamped, and the transfer of energy to a higher tonal
frequency is more efficient. In the case of the hub vortex, the spectra of
the pressure fluctuations are broadband as a consequence ofthe stron-
ger interactions and remarkable change of morphology experienced by
this vortex element. As a consequence of its larger contact area, the
hub vortex is altered to form hairpin vortices that further enhance the
turbulence level6 and mixing of vorticity from the blade vortex sheet
and the boundary layer of the rudder.4 Nevertheless, the strength and
morphology of the vortical structures strictly depend on theoperative
condition of the propeller, namely, its loading. In fact, during realistic
conditions, the propeller operates in non-uniform flow, and, conse-
quently, the mean load on its blades is more than doubled with respect
to the open water tests.7 Furthermore, the off-design (maneuvering)
loads experience large fluctuations on the order of the mean value
measured during design conditions. As a result, the vorticity carriedby
the vortical structures is time varying, because it is related to the span-
wise and temporal variation of the circulation developed by the blade.
Additionally, cross flow induced by the ship motions and rotation of
the rudder tilt the propeller wake, causing a different position of the
coherent structures with respect to the wall. These phenomena may
alter the interplay of the previous mechanisms (formally studied for
the isolated propeller–rudder system in uniform inflow condition)
and, consequently, the spectral content and imbalance of the pressure
fluctuations.8 Lastly, but not least, ventilation and cavitation phenom-
ena can further enrich the flow features around the rudder.

The research on propeller–rudder interaction is usually centered
to the determination of the mean loads developed by the rudder,
boosted by the necessity to develop simplified mathematicaltools for
the prediction of the maneuvering qualities of a ship in the early design
phase. The modeling strategy of these simplified tools, focusing on
processes characterized by length and time scales of the hull, relies on
a quasi-steady description of the propeller–rudder interaction based

on the actuator disk theory that obviously neglects the details of the
vorticity dynamics around the foil. In order to determine the unknown
parameters of this approach, time-consuming experimental tests were
used in the past, given the lack of reliable numerical methods and tech-
nological limits of the computational resources. However, nowadays,
advanced viscous solvers are usually employed.9–13

Alongside, the guidelines promoted by classification societies for
the structural design of the rudder and the steering gear relyon statisti-
cal regression data of the averaged forces and moments of the propel-
ler–rudder system typically adopted in the above-mentioned system
based tools.14,15Moreover, the structural design of the rudder by means
of advanced flow and structural solvers has been often centered on the
mean load components. The deformation of the rudder past thepro-
peller race was evaluated after the solution of the Reynolds-averaged
Navier–Stokes equations (RANS), with the propeller effect modeledby
an actuator disk16,17or Boundary Element Method (BEM).16

Conversely, few studies tackled the structural response of the rud-
der in the propeller race. To the best of the authors’ knowledge, these
investigations relied on semi-analytical, one-way, or fully coupled
fluid–structure interaction (FSI). The semi-analytical method, devel-
oped by Datta and Jindal,18analyzed the forced vibration response of a
spade rudder by prescribing the time-varying hydrodynamic loading,
only curtailed to blade passing frequency, on the basis of the semi-
empirical description of the hydrodynamic loads.15 A fully coupled
analysis based on an accurate description of the unsteady interaction
of the propeller wake and rudder by detached eddy simulations (DES)
and a finite volume structural model has been recently presented by
Zhanget al.19,20This approach is the most realistic simulation para-
digm, since the effects of the fluid on the structure and the reciprocal
ones are solved simultaneously. In these studies, the rudder was always
in neutral condition and located past the notional propeller INSEAN
E779A. The first study by Zhanget al.19 concerned the vibratory
response of a National Advisory Committee for Aeronautics (NACA)
0020 shaped rudder constrained at both ends at moderate propeller
loading (advance coefficientJ ¼ U1 =nD ¼ 0:88, whereU1 is the
free stream speed, andn andD are the propeller rate of revolution and
diameter, respectively). In this work, the rudder was characterized by
natural frequencies considerably higher than the propeller rate of revo-
lution, and consequently, the structural modes were not excited. The
analysis showed that the rudder deformations and vibrations are domi-
nated by bending and torsion along the lateral and vertical directions,
respectively. In particular, the time-averaged deformations were stron-
ger at the leading edge and oppositely signed with respect to the trail-
ing edge and between the pressure and suction side (to yield an S-
shaped mean surface). On the other hand, the fluctuations were only
associated with the hydrodynamic interaction of the hub vortex (shaft
frequency, SF) and tip vortices (blade frequency, BPF) and were stron-
ger in the inner area covered by the slipstream. In the second study by
Zhanget al.,20 the vibration response of a swept finite rudder, charac-
terized by smaller natural frequencies than the previous case, was ana-
lyzed at different rotation speed in order to trigger the resonant mode
of the rudder (lock-in regime). In this case, the dynamic response of
the rudder was mainly characterized by bending motions. Specifically,
with the increase in the loading, the first–order bending response of
the rudder was accompanied by the second-order one depending on
the frequency of the forcing action provided by the hub and tip vortex
system.
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Magionesiet al.21 investigated the dynamic response of a rudder
with a rectangular plane area and sectional profile based on the NACA
0015 past the INSEAN E779A propeller at moderate loading (J¼0.88)
at neutral and 4� rotation. The study relied on the one-way fluid–
structure interaction paradigm, i.e., the reaction of the flow to rudder
deformation is neglected. The pressure field developed around the rud-
der was obtained by DES simulations. Differently from Zhang
et al.,19,20where the foil was treated as a solid body, the structural rep-
resentation of the rudder was realistic, and it was described with a shell
and stiffeners and constrained to the rudder stock. The study
highlighted that at both rotations, the structural response of the rudder
is dominated by lateral and torsional deformations. The vibrations of
the rudder develop in a wide range of frequencies linked to the hydro-
dynamic interaction with the propeller wake and natural mode of
vibrations. In general, the response in the lock-in regime is stronger
with respect to those directly linked to the hydrodynamic interaction.
Moreover, the behavior in these two ranges resulted differently for the
neutral and deflected configurations, and the vibrations were weaker
in the neutral condition. The split analysis highlighted that the contri-
bution of the tip vortex in the low-frequency range is weakerwith
respect to the hub vortex. On the other hand, the relative contribution
of the two vortex elements in the lock-in regime depends on the rota-
tion of the rudder. In fact, the lateral fluctuation at the first flapping
and edgewise frequency is more affected by the tip vortex in the neutral
position, while atd ¼ 48, the contribution of the two wake structures
is similar. At the highest frequencies for the deflected configuration,
the tip and hub vortex exert the dominant effect for the first torsional
mode and second flapwise mode, respectively. Conversely, at d ¼ 08,
these contributions are flipped. Moreover, atd ¼ 48, the effect of the
hub vortex on the lateral vibrations was almost five times greater than
that for the neutral position.

In the present paper, Ref.21 is complemented with the rudder
rotation atd ¼ � 48in order to compare the two symmetric rotations.
In fact, the swirling flow inside the propeller slipstream yields a differ-
ent distribution of the effective angle of incidence for oppositely signed
rotation of the foil and, consequently, loads and the associated struc-
tural response. Specifically, the newly tested condition is expected to be
more critical, because it gives onset to higher incidence angles in the
lower part of the rudder, i.e., the one that is not constrainedto the rud-
der stock. The conditions tested, performed at moderate propeller
loading and small incidence angles, reproduce weak maneuvering con-
ditions that, for example, are experienced by the ship duringcontrol
from the autopilot. The methodology relies on the one-way fluid–
structure interaction paradigm and the flow field is gathered by
detached eddy simulations. Although the direct, fully coupled
hydrodynamic-structural analysis is the most realistic, the one-way
paradigm is reliable for design-oriented tasks, because itis computa-
tionally cheaper. Apart from the computational issues related to the
convergence of the algorithms that couple the hydrodynamic and
structural solvers, the one-way approach allows to performa paramet-
ric analysis of the structural layout for a specific hydrodynamic config-
uration (i.e., flow simulation). Moreover, as it was shown in Ref.21
and the present analysis, it is feasible to diagnose in more detail the
fluid–structure interaction of the propeller–rudder system by dissect-
ing the different contributions of the vortical structures. From the
design perspective, this point is appealing to guide the blade geometry
(i.e., circulation distribution), develop active control strategies of the

blade, or enhance the propeller forcing description in existing semi-
empirical models.15,18 In this regard, the increase in applications of
reduced order technique in marine engineering applications22–24 can
be an attractive approach to synthesize the forcing terms and/or the
structural response of the rudder in optimization routines for the
design of propeller/rudder systems. Without loss of generality, the pro-
posed methodology can be considered for the structural design and
diagnostic of rotor/rudder configurations adopted in other engineering
fields.

II. NUMERICAL METHOD

The structural response of the rudder behind the propeller is
studied by a one-way fluid–structure interaction model. This proce-
dure, as explained in the diagram inFig. 1, relies on sequential analysis
of the flow field and the structural behavior. Specifically, the flow field
simulation has been performed on the propeller–rudder system to
obtain the distribution of the pressure on the rudder in its shape-
retaining configuration. This information feeds the structural solver,
whose output is quantified in the mean and vibratory response of the
rudder.

In Secs.IIA andII B, the details of the solvers and the numerical
setup adopted in the correspondent simulations are presented in
detail.

A. Hydrodynamic solver

The flow around the propeller and foil is predicted by the integra-
tion of the averaged Navier–Stokes equations for incompressible fluids.
In non-dimensional form, these equations are given as follows:

r � u ¼ 0;
@u
@t

þ r � u � uð Þþ r p � r � s ¼ 0;

8
<

:
(1)

where u is the velocity,p is the pressure,s ¼ ð1=Reþ � tÞðru
þ r uTÞis the stress tensor, andReis the Reynolds number that repre-
sents, because of the reference variables chosen in Sec.IV, the inverse
of the physical, non-dimensional kinematic viscosity. The turbulent
viscosity� t is calculated by the DES approach,25 briefly summarized
for our specific implementation in the study by Di Mascioet al.

The boundary conditions are as follows: at solid walls, the velocity
of the fluid is set equal to the local wall velocity; at the inflow, the
velocity is set to the value of the undisturbed flow, and the pressure
gradient is set to zero; and at the outflow, both the pressure and the
normal derivative of velocity are set to zero.

The numerical integration of the governing equation(1) is per-
formed by means of an in-house solver26–28 based on a finite volume
technique with pressure and velocity co-located at cell centers. The vis-
cous terms are approximated by a standard second-order centered
scheme, whereas a centered fourth-order scheme has been applied for
the computation of Eulerian terms. The physical time-derivatives are
approximated by a second-order accurate, three-point backward finite
difference formula, so that the resulting scheme is fully implicit in
time. In order to obtain a divergence free velocity field at every
physical-time step, a dual time derivative is introduced in thediscrete
system of equations.29

The discrete equations are integrated on partially overlapping
structured blocks.27,30 The use of dynamic overlapping grids makes
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also possible the rotation of the propeller with respect to the inertial
frame of reference.

B. Structural solver

The motion of an elastic structure is governed by the momentum
conservation, which can be written as

q
@2d
@t2 ¼ r � s þ f ; (2)

whereq is the material density,d is the vector of structural displace-
ment,s is the Cauchy stress tensor, andf is the vector of body forces.
The spatial discretization of the weak forms of the above equation is
performed with a finite element (FE) approach. This yields the follow-
ing system of ordinary differential equations

M½ �f €dg þ C½ �f _dg þ K½ �f dg ¼ fFsg; (3)

where½M� is the structural mass matrix,½C� is the structural damping
matrix,½K� is the structural stiffness matrix,Fs is the applied load vec-
tor, and d is the nodal displacement vector.31 In deriving fluid–
structure interaction equations, the fluid is assumed non-viscous and
the behavior of the fluid pressure acting on the structure can be
described with the acoustic wave equation:

r 2p ¼
1
c2

@2p
@t2 ; (4)

wherep is the acoustic pressure andc is the sonic speed in the fluid
medium. After discretizing Eq.(4) using the Galerkin procedure and
applying the continuity requirement at the interface boundary, the dis-
cretized equation is coupled with Eq.(3) and the basic governing equa-
tions of fluid–structure interaction (FSI) are obtained as32

ðM½ �þ Mf½ �Þf€dg þ ð C½ �þ Cf½ �Þf_dg þ ð K½ �þ Kf½ �Þfdg ¼ fFrg;

(5)

where½Mf �; ½Cf �; and½Kf � are the hydrodynamic added mass, damp-
ing, and stiffness matrices due to the fluid–structure interaction, respec-
tively, andFr is the external load containing only hydrodynamical force
Fr ¼

Ð
S½N�T f Pg dS, where ½N� is the displacement interpolation

matrix, since the weight and buoyancy term are considerablysmall in
relation to the fluid dynamic load on the rudder. Detailed formulation
of these matrix identities can be found in the study by Jean-Francois.32

In the present analysis, Eq.(5) is solved using the commercial finite ele-
ment code Comsol Multyphysics. The pressure loadP acting on the
rudder is obtained from CFD simulation and inserted in the FEmodel
as the distributed face load. In order to use the hydrodynamic load pre-
dicted by the CFD in the termP, interpolation is required, since fluid
and structure grids are generally non-matching.

III. TEST CASE DESCRIPTION

The test case geometry is shown by the side and top views in
Fig. 2for the cased ¼ 0� .

FIG. 1.Flow chart of the proposed approach.
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The propeller is the INSEAN E779A model, already used in
many experimental and numerical studies.26,27,33–35 Its main geometri-
cal features are reported inTable I. The foil has a standard NACA
0015 profile with a chordc ¼ 0:12m. The distance between the bottom
face of the hub of the propeller and the leading edge of the foil is
d ¼ 0:1135m, which is equal to the radius of the propeller. In general,
the clearance of the rudder from the propeller is selected to guarantee
both hydrodynamic efficiency (drag reduction, directional stability, or
maneuvering) and mitigation of vibratory loads induced by pressure
pulses associated with blade passage. The clearance can have different
ranges for single screw (0:3 < x=D < 0:6) and twin screw configura-
tions (0:4 < x=D < 0:8) due to their particular shape at the stern.9

Therefore, the selected value is a plausible trade-off to generalize for
these two ship typologies. Moreover, this value has been also used in
the experiments36and numerical simulations.4

In the numerical simulations of the flow, two angles of rotation of
the foil have been considered: 0� and 4� . For the latter case, the foil has
been rotated around the vertical axis passing through its mid-chord
point, as shown inFig. 2, that is, moving the leading edge of the rudder
toward the positive orientation of they-axis. In addition, the stock is
not modeled. Instead, the foil is assumed to extend in the spanwise
direction to the boundary of the numerical domain so that itstip vorti-
ces do not interfere with the slipstream of the propeller. Moreover,
with this choice, the flow field is axially symmetric, and, in order to
study the response of the rudder ford ¼ � 48, it is sufficient to move
the rudder shaft in the structural model from the upper to the lower
end of the rudder and use the same pressure data from the DES for
d ¼ þ 48.

It is also worth stressing that the structural response for the two
rotation angles,d ¼ 6 48, is not the same. In fact, the propeller induces

a tangential flowui;t that is oppositely signed with respect to the pro-
peller axis and increases from the hub to the periphery of the slip-
stream. This perturbation modifies the nominal angle of attack given
by the rotation of the rudder: as it can be deduced by the velocity
decomposition for two representative sections for the cased ¼ þ 48in
Fig. 3, the effective angle of attackaeff of the sections of the rudder
increases in the regionz> 0 and reduces in the regionz< 0. The
opposite occurs ford ¼ � 48. Consistently, the distribution of the loads
along the span of the foil, as sketched inFig. 4, follows the distribution
of the effective angle of incidence. It is straightforward to deduce that
d ¼ � 48is more critical with respect to the opposite rotation, because
the rudder lower area, which is farther from the constraints on the
upper side, develops the stronger bending and torsional loads.

IV. NUMERICAL SIMULATION SETUP
A. Flow field simulation

In the numerical simulations, the rotational speed of the propeller
has been set ton ¼ 17 rps. The inflow velocity isU1 ¼ 3:4 m=s so
that the advance coefficient isJ ¼ U1 =nD ¼ 0:88.

All quantities have been cast in non-dimensional form using the
radius of the propeller (Lref ¼ 0:1135 m), the velocity of the tips of
the blades (Uref ¼ npD • 12:14 m=s), and the density of fluid
(qref ¼ 1000 kg=m3) as reference values. Other reference quantities
are defined consistently with the principal ones; thus, for example, the
reference value for the pressure ispref ¼ qref U2

ref ¼ 1:473� 105 Pa,

FIG. 2.Front, side, and top views of the geometry.

TABLE I.Propeller parameters.

INSEAN E779A model

Diameter D ¼0.227 m
Number of blades Z ¼4

Pitch ratio P=D ¼ 1:1
Rake 4� 350 (forward)

Expanded area ratio 0.689
Hub ratio 0.200

FIG. 3.Velocity induced by the propeller to the rudder.
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and the reference value for the time istref ¼ Lref=Uref ¼ 0:936
� 10� 2 s. Furthermore, assuming a kinematic viscosity of the water
� ¼ 1:139� 10� 6 m2=s, the Reynolds number isRe¼ UrefLref=�
¼ 1:211� 106.

With the above choices, the non-dimensional period of revolu-
tion of the propeller isT ¼ 2p, and the adopted time step, correspond-
ing to a rotation of 1� for the propeller, is dt ¼ 2p=360
• 0:1745� 10� 1 (that is, in the dimensional form, 1:633� 10� 4 s).

The computational mesh is made up by structured, overlapping
blocks. Around the propeller, the blocks are arranged according to an
“O-grid” topology (Fig. 5, left), whereas for the mesh around the foil, a
“C-grid” topology is adopted. The near-field background (shown in
Fig. 5, right) is composed of toroidal blocks, and the same holds for
the far-field blocks, where the boundary conditions are enforced. The
simulation of the flow is wall-resolved with a grid distribution such

that the thickness of the first cell on the wall is always below one in
terms of wall units (i.e.,yþ < 1). The total number of cells is about
1:9 � 107; details of the cells’ distribution are summarized inTable II.
The adopted numerical grid is almost equivalent to those adopted in
previous studies for the propeller and propeller/rudder interactions
class of flows.4,26,27In those studies, the quality of the numerical grid
and the validation with available experimental results are provided and
not proposed here for brevity.

B. Structural simulation

The rudder assembly has the same geometry as in previous
numerical investigations21,37and is briefly outlined herein. It consists
of a rudder blade with two horizontal stiffeners located at 1/3and 2/3
of its length. The rudder stock is modeled as a cylinder situated at30%
of the chord length from the leading edge, as shown inFig. 6. The
main rudder and stock dimensions have been chosen in accordance
with the guidelines recommended by the DNV Classification Society.14

To replicate a realistic arrangement of the rudder, the topmostnodes
of the stock are imposed to be rigidly fixed, while the nodes belonging
to the region of the bearings are free to rotate around the stock axis but
are fixed against displacements. The material of the rudder is isotropic,
and the mechanical properties, together with the main rudder geomet-
ric characteristics, are reported inTable III.

An acoustic domain is used to simulate the water surrounding
the rudder, as described in Sec.IIB, with non-reflecting boundary con-
ditions implemented at the boundaries of the acoustic fluid domain to

FIG. 4.Load distribution along the span of the rudder. Arrows represent the side
force developed by each section.

FIG. 5.CFD mesh topology, around the bodies (left) and in the near-field background (right).

TABLE II.Distribution of computational cells.

Mesh element Size

Four propeller blades 2.36� 106 (12.2%)
Propeller hub 1.28� 106 (6.6%)
Rudder 6.29� 106 (32.6%)
Near field background 8.27� 106 (42.8%)
Far field background 1.12� 106 (5.8%)
Total 19.32� 106
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approximate an infinite space. Preliminary simulations were con-
ducted using a cylindrical water domain of increasing dimension, in
order to prevent the boundary condition influences on the structural
response.

The rudder and the stock are modeled using quadrilateral shell
elements, while the top and bottom plates and the stiffeners are

modeled using triangular shell elements (seeFig. 7). All of them are
represented using second-order (quadratic) shell elements, each pos-
sessing its specific thickness. The simulation uses a Mindlin–Reissner
formulation38 to account for transverse shear deformation. The acous-
tic domain, utilized to simulate the water around the rudder, is meshed
with tetrahedral elements (Fig. 6). Acoustic elements on the rudder
surface share the same nodes as the structural domain and exhibit
increased coarseness as they extend farther from the surface. The
details of the mesh distribution are presented inTable IV. The mesh
size was determined through a preliminary sensitivity analysis, where
rudder displacements and stresses were calculated with different mesh
sizes to ensure that the structural analysis results were not significantly
influenced by mesh density. Since at their common boundaries, fluid

FIG. 6.Structural model of the rudder and its boundary conditions.

TABLE III.Structural characteristics of the rudder.

Property Parameter

Span length 270 mm
Chord length 120 mm

Rudder thickness 18 mm
Stiffeners thickness 2 mm

Stock radius 6.8 mm
Stock thickness 3 mm

Density 7850 kg/m3

Rudder mass 2.093 kg
Young modulus 200 GPa

Poisson coefficient 0.3
Yield stress 235 MPa

FIG. 7.Finite elements mesh of the rudder.

TABLE IV.Structural mesh.

Mesh part Element type Size

Rudder Quadrilateral 1800
Stock Quadrilateral 900
Stiffeners Triangular 330
Top and bottom plates Triangular 380
Acoustic domain Tetrahedral 1.4� 105
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and structural mesh nodes do not coincide, the exchange of data
between these domains necessitated the utilization of an interpolation
algorithm. Specifically, in this investigation, pressuredata at CFD
mesh nodes were transferred to structural mesh nodes employing
bilinear interpolation.21 The accuracy of the interpolation method
used to transfer the pressure data can be verified inFig. 8, where the
FFT of the interpolated pressure loads received by the structure at two
distinct points positioned at mid-chord and at different heights are
compared with the interpolated pressure at the nearest CFD grid

points. The time step employed in the structural analysis matches that
of the CFD simulation and covers a time period equivalent to eight
propeller revolutions. The resulting sampling frequency satisfies the
Nyquist–Shannon criterion up to 3 kHz.

V. RESULTS
A. Flow field description

The flow field that develops around the rudder in the neutral and
deflected conditions atd ¼ 48is shown on the left and right panels of
Fig. 9, respectively. Note that the flow for the case atd ¼ � 48 is the
same as the reported one but asymmetric with respect to the y-axis.
The figures shed light on the features of the vortical system, identified
by the k2-criterion39 and pressure field on the wall. Here the key
aspects of the flow are briefly summarized to support the analysis of
the correlation of the dynamics of the coherent structures with the
loads and the structural response of the rudder. The details ofthe flow
field have been discussed in depth in the studies by Muscariet al.4 and
Magionesiet al.21and are omitted for conciseness.

In general, distinct flow regimes are established around the rudder,
due to the different strength and morphology of the hub and tip vortex.
In the central area, the flow is chaotic and highly turbulent. In fact, the
hub vortex, stronger with respect to the tip vortex, collides with the wall
almost straightly, and hence, it interacts over a large contact area with
the wall. This enhances the interaction and vorticity mixing between the
vortex and the boundary layer of the wall and the consequences of the
self-induction due to the wall image effect. This process causes strong
tilt and stretching of the vortex up to its disruption to smaller structures
and further enhances the mixing with the rudder boundary layer.
Conversely, the flow on the area of the rudder impinged by thetip and

FIG. 8.FFT of the pressure from DES vs pressure interpolated on the structural
mesh.

FIG. 9.Vortex field byk2. Fluid structures are colored by pressure value. Left:d ¼ 08and right:d ¼ 48.
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blade vortex sheet is smooth. In fact, the tip vortex weakensafter the
collision with the leading edge because of traveling waves moving
along its axis that destabilize it. The chunk on the suction side is
completely tilted toward the wall and loses its energy during interac-
tion with the boundary layer of the rudder. During the interaction
with the foil, the two halves of the propeller slipstream move vertically
as a consequence of the pressure difference with respect to the area of
the rudder that is not impinged by the propeller slipstream.This phe-
nomenon strongly depends on the rotation angle of the rudder, as it
can be evidenced by comparison of the trajectory of the tip vortex on
the rudder wall on the left and right panels inFig. 9. For example,
focusing on the domain (z> 0, y< 0), i.e., the snapshots on the top,
the upward motion of the tip vortex is stronger atd ¼ 48, because the
pressure inside the slipstream is higher due to the local incidence (see
also the larger extension of the pressure peak at the leadingedge). A
similar mechanism is experienced by the hub vortex that moves
toward the periphery of the low pressure area of the rudder culminat-
ing to the reattachment with the tip vortices in the far wake.4

The effect of these mechanisms on the loads developed by the
rudder is synthesized by the spanwise distribution of the representative

loads, namely, the longitudinal and lateral forces (FX andFY) and tor-
que (MZ) for the three rotation angles (seeFig. 10). In the figures, the
solid lines are the averaged values, and the dashed lines identify the
variance. Because of the perturbation velocity induced by the propeller
slipstream (see discussion in Sec.III andFig. 3), the loads vary along
the span of the rudder. In the neutral condition, the loads experience
same trend:FY andMZ are asymmetric and balanced with respect to
the horizontal axis, consistent with the fact that the hydrodynamic
incidence is totally associated with the wake perturbation.Obviously,
FX is symmetric and negative because is associated with the dragof the
foil. On the other hand, atd ¼ 48, FY is shifted to positive values and
is stronger atz> 0, consistent with the rotation of the rudder and the
positive combination with the angle of attack associated with swirl
imparted by the propeller race. Atd ¼ � 48, the loads are inverted
with respect to the vertical axis. In the present case, the structural exci-
tation can be very different with respect to the previous one, because
the overloading of the lower area of the rudder produces a stronger
bending moment for the considered structural layout (the rudder stock
is on the top edge of the foil). In general,MZ acts to increase the local
rotation angle of the foil. This is consistent with the fact that the center

FIG. 10.Distribution of the forces and torque along the span of the rudder.
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of the hydrodynamic load is located ahead of the rudder stock, as it is
qualitatively corroborated by the pressure maps on the wall inFig. 9.

As a consequence of the complex dynamic of the hub vortex, the
variance of the loads is higher in the central area of the rudder with
respect to the area traveled by the tip vortices. It is interesting to
observe that atd ¼ 48, the variance is strengthened forz< 0. This is
caused by the fact that strong pressure rise at the leading edge pushes
down the hub vortex (see the right panel inFig. 9).

B. Modal response of the rudder

Solving the generalized eigenvalue problem of the homogeneous
equation associated with the FSI problem described in Eq.(5), the
modal characteristics of the submerged rudder were obtained. The
evaluation of the natural frequencies and their associated mode of
vibrations is fundamental to understand its response once subjected to
the dynamic load exerted by the collision of the vortex system with the
walls. According to the analysis already performed in the study by
Magionesiet al.,21 the first four natural frequencies and their mode
shape are reported inTable Vand depicted inFig. 11, respectively.

From the analysis of the figure, it is evident that the first mode is
primarily flapwise bending, while the second is an edgewisebending
mode. The third and fourth modes are torsional ones.

C. Structural response

The investigation initially focuses on the displacement and vibra-
tions of the rudder under the global load condition. To introduce the
key aspects of the structural behavior of the rudder at three angles of
rotation, the time histories and the corresponding frequency spectra of
the displacement components of probePref, located at the leading edge
of the free tip of the rudder (seeFig. 12), are first analyzed. In the fig-
ures, the time histories last for two propeller periods and the frequency
domain has a resolution of 2.12 Hz, according to the selected time
interval of the numerical simulation (eight propeller cycles). Then, the

TABLE V.Dry and wet natural frequencies (in Hertz) of the rudder.

Mode Frequency (Hz) Type

1 99.73 First flapwise mode (Y-bending)
2 142.15 First edgewise mode (X-bending)
3 523.33 First torsional mode
4 694.16 Second torsional mode

FIG. 11.Mode shapes of the plate: (a) mode 1 (99.73 Hz), (b) mode 2 (142.15 Hz), (c) mode 3 (523.33 Hz), and (d) mode 4 (694.16 Hz).

FIG. 12.Reference probe forFigs. 13–15.
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concepts are extended to discuss the overall behavior of the structures,
described in terms of three-dimensional maps.

A first insight on the motion of the probe along x, y, and z direc-
tions (indicated with the capital letters U, V, and W, respectively)
depicted inFigs. 13–15highlights that the foil experiences the largest
mean deformation and fluctuation along the y direction. In terms of
mean deformation, it is at least one and two order of magnitude
greater than W and U, respectively. The mean deformation along z is
greater than that along x, since it is driven by the motions in y, while
the vice-versa holds for the fluctuations. When the rudder is set at inci-
dence, the mean deformation and the fluctuations are markedly ampli-
fied with respect to neutral condition.

In Secs.V C 1 andV C 2, these aspects are discussed in detail for
the mean and dynamic components.

1. Mean deformation

A qualitative description of the mean deformation of the rudder
under global load conditions is provided inFig. 16, where the

time-averaged deformations normalized with respect to rudder span
are depicted. At 0� , the foil experiences a mean deflection toward the
negativey direction because in the lower half of the rudder, the propel-
ler slipstream induces an angle of attack that leads to the generation of
negative lift (see alsoFig. 3). In this case, the deflection is small due to
the fact that it is induced mainly by the propeller slipstream. At the
two equal but opposite rotations,d ¼ 6 48, the response of the rudder
is not symmetric. The three-dimensional snapshot of static configura-
tion of the rudder at these conditions highlights that the displacement
of the rudder is amplified at the tip whend ¼ � 48. As described in
Sec.V A, the hydrodynamics loads in the lower area of the foil induce
a stronger bending moment relative to the stock, since they are gener-
ated at a higher angle of attack given by the constructive superposition
of the nominal inclination and slipstream induced velocity. In particu-
lar, the deformation of the foil atPref at d ¼ � 48is about 65% greater
than atd ¼ þ 48 and magnified by almost five times the one experi-
enced atd ¼ 08(seeTable VI).

In order to complement the qualitative description of the three-
dimensional deformations presented inFig. 16, they direction mean

FIG. 13.Deflections alongx direction. Left: time history. Right: FFT.

FIG. 14.Deflections alongy direction. Left: time history. Right: FFT.
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deformations along three distinct chordwise sections (seeFig. 12) have
been extracted: section C corresponds to the samezstation ofPref, sec-
tion A is located at the opposite height relative to the propeller axis,
and section B is aligned with the propeller axis. The results of these
analyses are detailed inTable VII, where Vle and Vte are the
V-displacement at the leading and trailing edges, respectively. To
obtain a quantitative measure of the rudder torsion, an additional
parameterDV, defined as the difference between the displacement at

FIG. 16.Time averaged deformations normalized with respect to rudder span along y direction.

TABLE VI.V motion of the rudder at probePref.

Rudder rotation Mean� 105 Hub (%) Tip (%)

d ¼ 08 � 1.53 15 75
d ¼ 48 4.51 37 53
d ¼ � 48 � 7.46 29 63

FIG. 15.Deflections alongz direction. Left: time history. Right: FFT.
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leading and trailing edge normalized with respect to thed ¼ 08case in
the central station, has been introduced, i.e.,DV ¼ ðVle � VteÞ=Vref,
with Vref ¼ V0�

le � V0�

te measured at section B.
It is worth noting that the deformation profiles along these sec-

tions vary depending on the rotation of the rudder. Specifically, under
the� 48condition, the deformation is maximum at the leading edge of
the profile. This behavior implies a counterclockwise rotation of the
profile, which has the effect of increasing the nominal angle of attack,
as it can be deduced byFig. 17. Conversely, at 4� , the trailing edge
region experiences the most substantial deformation, implying a coun-
terclockwise rotation, which, in this case, produces a reduction with
respect to the nominal angle of attack. In the neutral condition, the
maximum deformation occurs between 50% and 75% of the rudder
chord, depending on the vertical position of the specific section being
considered. For what concern torsion, it is evident that the maximum
torsion occurs at� 48 condition, where theDV parameter exhibits a
linear growth from the rudder top (section A) to middle section B and
then to lower one (section C). In contrast, the behavior of torsion in
the 4� case is more complex, characterized by a maximum in the cen-
tral section (B) and a value in section C lower than that reached in the
upper region. The reason for this behavior can be ascribed to the asym-
metric distribution ofMZ along the span of the foil (seeFig. 10).

At d ¼ 48, the upper half of the rudder develops a negative moment
that prevails with respect to that generated in the lower half of the rud-
der (clockwise). The opposite situation is established atd ¼ � 48, since
in the lower half of the rudder a positive, counterclockwise moment
overwhelms the load in the upper half of the foil.

The loads acting on the tip and hub vortex regions play different
roles in the global deformation of the rudder for the three cases exam-
ined, as outlined inTable VI. In general, the influence of the tip vortex
system prevails on the hub vortex. In the neutral condition, the tip vor-
tex system exerts the largest contribution to the lateral deflection of the
foil. This is due to the lift generated in the lower area of the foil that
gives onset to stronger bending moment with respect to the stock
attachment in the upper side. Vice versa, the hub vortex region devel-
ops small and oppositely signed lift forces about the propeller axis with
negligible resultant contribution (seeFig. 10).

At non-zero rotation, the percentage involvement of the hub vor-
tex increases, because it induces a dynamic pressure on the wall conse-
quently to its asymmetric impingement on the leading edge. In these
cases, the percentage contribution of the tip vortex over the hub vortex
at d ¼ � 48 is almost doubled with respect to the positive rotation.
This is consistent with the fact that the lower half of the rudder is
more loaded and, being farthest from the rudder stock, develops stron-
ger bending moment.

2. Vibrations

The rms of the displacement fluctuations ofPref for the three
tested conditions reported inTable VIII confirms that the rotation at
d ¼ � 48 is the most critical; the fluctuations are indeed markedly
amplified with respect to both the neutral condition andd ¼ 48. This
behavior is consistent with the stronger fluctuations of the force (and
bending moment) depicted inFig. 4that are generated in the lower
portion of the rudder (z< 0), due to the constructive combination of
nominal rotation and propeller wake swirl.

The inspection of the spectra, displayed in the right panelsof
Figs. 13–15, shows that the vibratory response of the rudder exhibits
two distinct frequency bands: a low-frequency range (below the first
natural in-water frequency,� 100 Hz) marked by peaks associated

TABLE VII.V mean deformation along sections A, B, and C.

Section
Rudder
rotation Vle � 106 Vte � 106

Vmax

(% chord) DV

A d ¼ 08 � 1.6 � 1.7 0.55 0.28
A d ¼ 48 7.0 8.5 TE � 2.47
A d ¼ � 48 � 12.0 � 11.3 LE � 1.23
B d ¼ 08 � 7.0 � 7.5 0.63 1.00
B d ¼ 48 24.6 26.4 TE � 2.63
B d ¼ � 48 � 41.0 � 39.2 LE � 3.16
C d ¼ 08 � 14.0 � 14.9 0.73 1.58
C d ¼ 48 44.5 45.8 TE � 2.28
C d ¼ � 48 � 75.2 � 72.7 LE � 4.53

FIG. 17.Top view of the different mean torsions of the profile. Black lines: position at rest and red lines: subject to hydrodynamic loads.

TABLE VIII.Average and rms of the fluctuations U, V, and W of probePref.

Rudder rotation �U � 106 rms � 106 �V � 105 rms � 105 �W � 106 rms � 106

d ¼ 08 � 0.75 0.88 � 1.51 1.74 � 1.36 1.78
d ¼ 48 0.65 2.57 4.51 5.38 0.68 0.75
d ¼ � 48 � 1.23 5.32 � 7.46 8.89 � 2.10 2.86
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with the hydrodynamic load (first shaft frequency at 17 Hz and blade
passing frequencies), and a mid-frequency range mainly characterized
by distinct peaks at frequencies equal to wet natural modes (flapwise
and torsional modes) of the rudder system.

The fluctuation at the first flapwise mode (100Hz) is the leading
one, while the hydrodynamic component is slightly superioror equiva-
lent to the higher order modes (edgewise and torsion). Lateral vibra-
tions are minimally excited at the edgewise mode, in contrast to
fluctuations along U and W.

The spectra highlight that, at incidence, rudder vibrations are
strengthened in the whole frequency spectrum with the exception of
the torsional frequency at about 510 Hz. This component slightly
increases atd ¼ � 48, while at the opposite incidence, it weakens with
respect to the neutral rotation. Paying attention to the lateral vibrations
in the hydrodynamic range (right panel inFig. 14), the character of the
spectra is broadband with distinct peaks associated with the dynamics
of the hub vortex (17 Hz and its multiples) and tip vortex (68Hz). At
d ¼ � 48, the vibratory response is weaker thand ¼ 48 only in the
case of the fundamental peak at 17 Hz.

In the mid-frequency range dominated by resonant peaks, the
fluctuations atd ¼ � 48associated with all vibratory modes are stron-
ger than atd ¼ 48. It is interesting to observe that the effect of torsion
is strongly mitigated in the case ofd ¼ 48, with the peak at 510 Hz
being roughly five and three times smaller compared to the opposite
and neutral rotation, respectively. Different from the lateral fluctua-
tions, the vibrations alongx and z directions are also affected by the
edgewise mode, identified by the peak at 136 Hz (Figs. 13and 15 on
the right). Qualitatively, the effects of the rotation of therudder on the
vibratory response in the two range of frequencies are consistent with
the one observed for the lateral fluctuations. The streamwise vibration
U is not spurred by the flapwise mode in the neutral condition,while
at d ¼ 6 48, the contributions of the flapwise and edgewise modes are
equally balanced (seeFig. 13). The vertical fluctuations W are mainly
correlated with the flapwise mode, although the component at the
edgewise frequency dominates with respect to the higher order modes
in the resonance region and hydrodynamic regime in neutral and at
incidence conditions (seeFig. 15). From a general standpoint, the spec-
tra highlight that in the hydrodynamic regime, the hub vortex is pre-
vailing, since it is the primary source of the strong peak at the shaft
frequency (17 Hz).

In order to further inspect the relation between the forcing, i.e.,
the propeller wake, and the structural response, the distinct contribu-
tions of tip and hub vortices are synthesized by the spectra reported
in Fig. 18for the reference probePref. Additionally, the vibratory
response of the whole rudder has been investigated by means of
maps of the amplitude of V at the characteristic frequencies, identi-
fied by the local analysis on probePref (seeFigs. 19–23). In fact, the
stiffness of the foil is not uniform, consistently with the adopted
structural modeling. Hence, the non-homogeneous loading imparted
by hub and tip vortex as well as the bending–torsional coupling can
give rise to a different response at other points. The analysis is
focused on the lateral vibrations because they are dominant with
respect to U and W.

In general, the role of tip and hub vortices is expressed in terms
of the percentage of the rms of the total fluctuation atPref in Table IX.
At d ¼ 48, the hub and tip vortex systems contribute equally to the
rudder response, whereas atd ¼ � 48, tip vortex contributes more

than 60% to the vibratory motion. Finally, at the neutral position, the
hub vortex contribution can be totally neglected.

In the hydrodynamic regime, the spectra inFig. 18reveal that the
vibrations are mainly triggered by the action of the hub vortex, identi-
fied at the frequency of 17 Hz. At incidence, the vibratory loads caused
by the hub vortex are markedly stronger with respect to the neutral
condition and, in general, to the tip vortex, compared withFigs.
18(a)–18(c). In more detail, the contribution of the hub and tip vortex
is stronger in the cased ¼ 48 with respect to the negative rotation.
This behavior is confirmed by comparing the magnitude of the spatial
distribution of the deformations inFig. 19. A plausible interpretation
of this apparently unexpected behavior is that the fluctuations of the
hydrodynamic loads in the lower portion of the central area of the rud-
der are stronger (see discussion in Sec.V A andFig. 10). Indeed, the
portion of the hub vortex that hits the face of the rudder (y> 0, see
top/right panel ofFig. 9) is characterized by the most turbulent phe-
nomena and moves downward. This causes the bending moment to
have stronger fluctuation in the domainz< 0. This mechanism affects
the evolution of the slipstream also in the tip vortex area of the rudder
and, consistently, the structural vibration associated withthe load
developed in the tip region is stronger (compare the right panels in
Fig. 19).

At the higher frequencies in the hydrodynamic range, the charac-
ter of the spectra atPref is broadband, although a peak, markedly
smaller with respect to the one characterizing the dynamics of the hub
vortex, can be grasped about the frequency of 68 Hz (first BPF), where
the action of the tip vortex overwhelms that of the hub vortex. The
spectra highlight that the vibrations associated with the tip vortexare
stronger when the foil is deflected and maximized atd ¼ � 48, consis-
tent with the higher incidence angles induced at the tip. This behavior
is corroborated by comparison of the maps of the fluctuationat 68 Hz
in Fig. 20.

In the region of resonance peaks, the load in the tip vortex area is
the prevailing one to excite the first flapwise mode (at 98Hz) (see
Fig. 18). In particular, the spectra evidence that in the neutral condi-
tion, the action of the hub vortex is insignificant, because the fluctua-
tion induced by the tip vortex is almost coincident to the total one. On
the other hand, at incidence, the relative contribution of the hub vortex
is strengthened. The magnitude of the fluctuation of the hub vortex is
similar for the two rotations, although the relative contribution with
respect to the tip vortex system is markedly different: atd ¼ 48, its
contribution is almost halved with respect to the tip vortex, whereas at
the opposite rotation, the effect of the tip vortex is up to four times
greater than the hub’s one. This behavior can be explained with the
fact that in the neutral condition, the hub vortex hits symmetrically the
leading edge of the rudder and transfers its energy to the edgewise
mode instead of the flapwise one. The percentage difference of the
magnitude of the vibrations induced by the tip vortex system with
respect to the hub vortex can be appreciated by the maps inFig. 21.

The tip vortex is the primary source of excitation of the first tor-
sional mode (510Hz, hereinafter indicated as mode T1) in neutral and
incidence conditions. The spectra inFig. 18spotlight that the ampli-
tude of the fluctuation associated with the tip vortex is almost coinci-
dent to the resultant one. In fact, during the interaction with the wall,
this vortex element generates oppositely signed loads in the upper and
lower parts of the rudder that act to twist the structure. The fluctuation
at d ¼ 48is lower with respect to the neutral and the worst condition
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FIG. 18.FFT of V component for split and global loads.

FIG. 19.Magnitude of deformations along y direction at 17 Hz. Left:d ¼ 48and right:d ¼ � 48.
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at the negative incidence (seeFig. 18). This trend is somehow propor-
tional to the effective angle of incidence experienced by the foil about
the tip. The overall description of the fluctuations reported in Fig. 22
confirms the dominant role played by the tip vortex system with
respect to the hub as well as the marked asymmetry between the two
rudder rotations.

Finally, the tip and hub vortex excite almost equivalently the tor-
sional mode about 670 Hz (hereinafter referred to as T2). The spectra
at probePref show that this mode in the neutral condition is one order
of magnitude lower than mode T1. On the other hand, at incidence
these two modes are comparable, despite their relative magnitude is
flipped: atd ¼ � 48T2 is weaker than T1 and vice versa in the case of
d ¼ 4� . Consistently with the mode shape reported inFig. 11(d), the
motion of the structure is subjected to bending in the forward area and
torsion close to the tip (seeFig. 23). In contrast to the localized spectral
analysis atPref, the response atd ¼ � 48is more critical with respect to
d ¼ 48 due to the action of the tip vortex which markedly amplifies
the torsion in the lower half of the rudder.

D. Von Mises stress

A snapshot of the Von Mises stress distribution on the structural
components of the rudder atd ¼ � 48is depicted inFig. 24. The most
critical area is the joint of the stock with the upper wet plate for all rud-
der rotations. This is due to the transmitted displacements through the
rudder blade to the stiff stock. The maximum values for the 08, 48, and
� 48 conditions are 9.4, 31, and 51MPa, respectively. Although these
stress concentrations remain well below the yield stress (equal to
235 MPa), they can be responsible of a significant reduction of the rud-
der durability due to fatigue.

The mean and the standard deviation values of stress at the most
strained location are reported for the three different rudder rotations
in Table X. The Von Mises stress generated atd ¼ � 48 is noticeably
amplified with respect to the positive rotation. The observed trend
with the rotation of the rudder resembles that of the structural fluctua-
tions reported inTable VIII. At d ¼ � 48, the mean and the standard
deviation (StDev) of the stress are stronger by almost four times with
respect to the neutral condition and 35% with respect to the positive

FIG. 20.Magnitude of deformations along y direction at 68 Hz. Left:d ¼ 48and right:d ¼ � 48.

FIG. 21.Magnitude of deformations along y direction at 99 Hz. Left:d ¼ 48and right:d ¼ � 48.
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incidence. At the negative and neutral incidence, the stress is mainly
caused by load generated in the tip vortex region, the contribution of
the hub vortex being about 5% and 20% of the resultant one, respec-
tively. Conversely, the effect of the tip and hub vortex are imbalanced
by 20% atd ¼ 48.

VI. CONCLUSIONS

In the present work, the structural response of rectangular,
NACA 0015 shaped rudder in neutral and at two equal but opposite

rotations in the wake of the INSEAN E779A propeller in a lightly load-
ing state (J¼0.88) has been studied by one-way fluid–structure inter-
action. The flow field around the propeller-rudder system has been
obtained through DES, with the resulting pressure field on the rudder
serving as input for the structural solver.

For the analyzed configuration (i.e., rudder constrained at the
rudder stock and unconstrained at the tip), the structural response is
mainly driven by flap and torsion. The magnitude of the mean defor-
mation and vibratory response of the structure depends on the rotation
of the rudder. The structural response for the cased ¼ � 48 is ampli-
fied with respect tod ¼ 4� . In fact, the effective angle of attack, and
hence the loads, is magnified in the semi-plane of the foil thatis not
constrained to the stock, because of the constructive combination of
the rudder rotation and the swirl velocity imparted by the propeller.
The mean deformation in edgewise and lateral directions is increased
for d ¼ � 48by almost 50% and 100% with respect tod ¼ 48, respec-
tively. The contribution of the tip vortex is always stronger than the

FIG. 22.Magnitude of deformations along y direction at 510 Hz. Left:d ¼ 48and right:d ¼ � 48.

FIG. 23.Magnitude of deformations along y direction at 670 Hz. Left:d ¼ 48and right:d ¼ � 48.

TABLE IX.Contribution of hub and tip vortex to rudder oscillations at probePref.

Vortical system d ¼ 48 d ¼ 08 d ¼ � 48

Hub (%) 45.43 0.44 28.47
Tip (%) 46.30 73.68 64.09
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hub vortex and the relative difference between them is more than dou-
bled atd ¼ � 48.

The vibratory response of the rudder develops in a wide rangeof
frequencies that are associated with hydrodynamic phenomena
(impingement and interaction of the coherent structures of the propel-
ler wake with the wall of the foil, frequencies below 100 Hz) and natu-
ral (modal) response of the structure (above 100 Hz). The flapwise and
edgewise fluctuations atd ¼ � 48are greater by almost 70% and 20%
with respect to the opposite rotation, respectively. The dominant com-
ponent of the vibrations is linked to the first flapping mode. However,
the streamwise oscillations are also driven by the first edgewise mode,
whose component is almost equivalent to the flapping one. The contri-
bution of hydrodynamics and torsion mode is comparable to each
other but of minor importance.

More details have been highlighted by a partitioned analysis,
devoted to unveil the effect provoked by the dynamics of the hub and
tip vortex on the structural response. In the hydrodynamic range, the
feature of the spectra is broadband with a distinct, strong peak at the
shaft frequency (17 Hz). This feature is associated with the fragmenta-
tion of the coherent structures of the hub vortex during the collision

with the leading edge and successive interaction with the boundary
layer of the foil. In the structural range, the contribution of the first tor-
sional mode (521 Hz) dominates with respect to the second torsional
mode (694 Hz) atd ¼ 08 and, at a lesser extent, atd ¼ � 48, whereas
their relative magnitude is flipped at the positive incidence. In general,
the tip vortex exerts the dominant contribution to the first flapping
and torsion fluctuations, while its contribution is equivalent to that
provided by the hub vortex in the excitation of the second torsional
mode. The hub vortex drives the dynamic response in the hydrody-
namic range.

The present analysis, focusing on light propeller loading and
small rudder rotations, should be broadened to heavy propeller loading
and large rudder rotations, and to time varying rotations of the rudder,
in order to analyze the structural behavior of the foil during tight and
unsteady maneuvers, respectively.

The application of the proposed methodology is attractive during
the early design stage, since the understanding of the separate contri-
butions of tip and hub vortex can enhance the vibro-acoustic perfor-
mance of the rudder–propeller system in terms of mere hydrodynamic
design and development of active control strategies.
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