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ABSTRACT

The structural response of a rudder in the wake of a marine propeller is investigated by one-wairdktidte 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 fog
course control or weak maneuvering. The analysis sheds light on the different structural behavior at the two opposite rotation angles, cau%bd
by asymmetrical variation along the span of the rudder of the angle of attack induced by the propeller slipstream, by considering the differeat
role played by the tip and hub vortical systems. The test case consists of a rudder with a rectangular plane area and National Advis®y
Committee for Aeronautics 0015 sectional profile located past the E779A propeller. The propeller operates at low loading conditions, and tﬁe
rudder is set at incidenai¥s 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 magnifiéd fa8by at least 70% and 20% for the lat- 8
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 conditiorl &t 48 the excitation associated with the tip vortex is nearly double

that of the hub vortex.

¥ 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC1BY9:license (
creativecommons.org/licenses/by/s@ps://doi.org/10.1063/5.0201867

I. INTRODUCTION impinges the rudder wall periodically at each blade passagepro-

The marine rudder is a basic and fundamental element of th&€SS causes pressure fluctuations and vibrations that worsetghe fa
ship: being tasked to the course stabilization, contrdipaaneuvering ~ and static strength of the hull and rudder machinery system, the-acous
of the vehicle, it is crucial for the safety and continuitppération at ~ ti¢ Signature of the ship, and, ultimately, the onboard comifoThe
sea, comfort onboard, and environmental pollution. In the past feypluantification, through numerical smulapons, of thedsethat are
years, the tightening of the requirements imposed by Internationa€nerated by the rudder past a propeller is challenging, seaauyr-
Maritime Organisation (IMO) and international classification auwth ~ iad of length and temporal scales need to be solved for theleadizdi-
ties on these items has entailed further challenges for the designgtion of the flow field: it depends on the propeller operating
Since it has to warrant high efficiency in a broad range ofatipeal ~ condition that, in turn, is related to the wake characteristics of the ship
conditions, it is usually installed at the stern of the siigh behind the ~ Moreover, the propeller wake is composed of coherent structures,
propeller in order to recover momentum from its wake and hencenamely, the tip, hub, and blade vortex sheet, that have distinct mor-
maximize the loads and promptness of ship maneuver. As affid¢, ~ phology and strength and interact with the wall of the foil in différen
the interaction with the propeller causes the generation of dynamiways. In fact, the tip and blade vortex sheets leave the blautealo
loads that significantly impact the structural design efthhdder and  helicoidal path, whereas the hub vortex detaches straight from the hub.
the stern of the hull, as well as the sizing of its machinery system. IAs a result, the tip and blade vortex sheets impinge the leadiygof
fact, the wake of the propeller is a complex system of vortices thahe rudder almost perpendicularly, while the hub vortexdedl with
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the rudder along its axis. In general, the interaction of these coherewin the actuator disk theory that obviously neglects the defattseo
structures with the wall can be divided into a collision aricheeling  vorticity dynamics around the foil. In order to determine thénown
phase’” The collision phase is the most violent process, because tharameters of this approach, time-consuming experimental tests were
progressive penetration of the leading edge of the foil blocks thle axiused in the past, given the lack of reliable numerical methods and tech-
flow inside the vortex tube, yielding a stagnation point and, consenological limits of the computational resources. Howevewadays,
quently, pressure peaks that gradually drop after the complete cut aflvanced viscous solvers are usually employed.
the vortices into two different branches. During this phase, the signa-  Alongside, the guidelines promoted by classification texifor
ture of the tip and hub vortex is dominated by the tonal shegt f the structural design of the rudder and the steering geaoretyatisti-
quency (first and second SFs) and by the blade passingrimgoffiest  cal regression data of the averaged forces and moments abfie-p
BPF), respectively. However, in the case of the hub vortex, there ides—rudder system typically adopted in the above-mentioneceisyst
more significant broadband content, triggered by the local dynamics dfased tool$’*“Moreover, the structural design of the rudder by means
the blade root vortex and blade vortex she&fterward, in the travel-  of advanced flow and structural solvers has been ofterredria the
ing phase, the branches scroll along the wall and merge with theean load components. The deformation of the rudder paspithe
boundary layer of the rudder, yielding a redistribution aftietty and peller race was evaluated after the solution of the Reyavkiaged
energy that mitigate the pressure fluctuations towardrdibrig edge  Navier-Stokes equations (RANS), with the propeller effect modbgled
of the rudder. In this interval, the dynamics and the assetisigna-  an actuator disk ‘or Boundary Element Method (BEM).
ture of the vortex structures substantially differ from each other. The  Conversely, few studies tackled the structural response of the rud-
branches of the tip vortex provoke pressure pulses characterized byer in the propeller race. To the best of the authkmewledge, these
tonal content also at multiples of the BPF. This energy fieaissasso-  investigations relied on semi-analytical, one-way, or fully coupled
ciated with a destabilization process (elliptic instability) triggésed fluid—structure interaction (FSI). The semi-analytical method, devel-
the propagation of pressure waves inside the vortex tulsestaf cut-  oped by Datta and Jind&fanalyzed the forced vibration response of a
ting” On the suction side, the chunk is more stretched and tiltedspade rudder by prescribing the time-varying hydrodynaoading,
toward the wall, and the consequent increase in vorticity amplifees t only curtailed to blade passing frequency, on the basis ofethe s
process of merging with the boundary layer of the wall, causing thempirical description of the hydrodynamic loddsA fully coupled
decay of the pressure fluctuations. Conversely, on the pressure sidealysis based on an accurate description of the unsteaatgdtion
this process is undamped, and the transfer of energy to ahighal  of the propeller wake and rudder by detached eddy simulatioBS)D
frequency is more efficient. In the case of the hub vortex, the spectra afid a finite volume structural model has been recently presented by
the pressure fluctuations are broadband as a consequethesstron- ~ Zhanget al’®?°This approach is the most realistic simulation para-
ger interactions and remarkable change of morphology experienced lygm, since the effects of the fluid on the structure and thipmecal
this vortex element. As a consequence of its larger contact area, thees are solved simultaneously. In these studies, the ruddedways
hub vortex is altered to form hairpin vortices that further enhance then neutral condition and located past the notional propeller INSEAN
turbulence levéland mixing of vorticity from the blade vortex sheet E779A. The first study by Zhangt al’® concerned the vibratory
and the boundary layer of the ruddeNevertheless, the strength and response of a National Advisory Committee for Aeronautios@N)
morphology of the vortical structures strictly depend ondperative =~ 0020 shaped rudder constrained at both ends at moderate propeller
condition of the propeller, namely, its loading. In factidg realistic  loading (advance coefficiedt/a U; =nD ¥4 0:88, whereU; is the
conditions, the propeller operates in non-uniform flowdanonse-  free stream speed, ancindD are the propeller rate of revolution and
quently, the mean load on its blades is more than doubled with respediameter, respectively). In this work, the rudder was cleniaed by
to the open water testsFurthermore, the off-design (maneuvering) natural frequencies considerably higher than the propeller ratef re
loads experience large fluctuations on the order of the makre v Iution, and consequently, the structural modes were not excited. The
measured during design conditions. As a result, the vorticity cdyied analysis showed that the rudder deformations and vibratiendami-
the vortical structures is time varying, because it is related to the spanated by bending and torsion along the lateral and vertical directions,
wise and temporal variation of the circulation developed by the bladeespectively. In particular, the time-averaged deformations were str
Additionally, cross flow induced by the ship motions andation of  ger at the leading edge and oppositely signed with respec teaih
the rudder tilt the propeller wake, causing a different imsiof the  ing edge and between the pressure and suction side (to yield an S
coherent structures with respect to the wall. These phenomena mapaped mean surface). On the other hand, the fluctuations were only
alter the interplay of the previous mechanisms (formallgisd for ~ associated with the hydrodynamic interaction of the hub vortex (shaft
the isolated propellerudder system in uniform inflow condition) frequency, SF) and tip vortices (blade frequency, BPF) and were stron-
and, consequently, the spectral content and imbalance of the pressuger in the inner area covered by the slipstream. In the setodyd lsy
fluctuations’ Lastly, but not least, ventilation and cavitation phenom- Zhanget al,”° the vibration response of a swept finite rudder, charac-
ena can further enrich the flow features around the rudder. terized by smaller natural frequencies than the previous waseana-

The research on propelleudder interaction is usually centered lyzed at different rotation speed in order to trigger thenesit mode
to the determination of the mean loads developed by the mdde of the rudder (lock-in regime). In this case, the dynamic respmf
boosted by the necessity to develop simplified mathematinial for  the rudder was mainly characterized by bending motions. Specifically,
the prediction of the maneuvering qualities of a ship in the earigides with the increase in the loading, the firstder bending response of
phase. The modeling strategy of these simplified tools, focusing dhe rudder was accompanied by the second-order one depending on
processes characterized by length and time scales of the hull, meliestbe frequency of the forcing action provided by the hub and tip vortex
a quasi-steady description of the propeltadder interaction based system.
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Magioneskt al** investigated the dynamic response of a rudderblade, or enhance the propeller forcing description in existing semi-
with a rectangular plane area and sectional profile based on the NACA&mpirical models>*?In this regard, the increase in applications of
0015 past the INSEAN E779A propeller at moderate loadi#@®(@88)  reduced order technique in marine engineering applicatioriscan

at neutral and 4 rotation. The study relied on the one-way fluid be an attractive approach to synthesize the forcing terms and/or the
structure interaction paradigm, i.e., the reaction of toe/flo rudder  structural response of the rudder in optimization routines foe t
deformation is neglected. The pressure field developed around the rudesign of propeller/rudder systems. Without loss of getgrtie pro-

der was obtained by DES simulations. Differently from Zhangposed methodology can be considered for the structural design and
etal.,”*’where the foil was treated as a solid body, the structural repdiagnostic of rotor/rudder configurations adopted in other erejine
resentation of the rudder was realistic, and it was destowiib a shell  fields.

and stiffeners and constrained to the rudder stock. The stud)(I NUMERICAL METHOD

highlighted that at both rotations, the structural respoaofthe rudder '
is dominated by lateral and torsional deformations. Theatiins of The structural response of the rudder behind the propeder i
the rudder develop in a wide range of frequencies linkedetylalro- studied by a one-way fluidtructure interaction model. This proce-
dynamic interaction with the propeller wake and natural maaf  dure, as explained in the diagramfiiy. J relies on sequential analysis
vibrations. In general, the response in the lock-in regime is strongedf the flow field and the structural behavior. Specifically, thve fileld

with respect to those directly linked to the hydrodynamteriaction. ~ simulation has been performed on the propelledder system to
Moreover, the behavior in these two ranges resulted diffigfenthe  obtain the distribution of the pressure on the rudder in its shape
neutral and deflected configurations, and the vibrations were weakeetaining configuration. This information feeds the structural solver,
in the neutral condition. The split analysis highlighted that thetrdon ~ whose output is quantified in the mean and vibratory response of the
bution of the tip vortex in the low-frequency range is weakih rudder.

respect to the hub vortex. On the other hand, the relative contributio In Secsll A andll B, the details of the solvers and the numerical
of the two vortex elements in the lock-in regime depends on the rotasetup adopted in the correspondent simulations are presented in
tion of the rudder. In fact, the lateral fluctuation at thesfiflapping  detail.

and edgewise frequency is more affected by the tip vortex in the neutral

position, while atl ¥4 48 the contribution of the two wake structures A, Hydrodynamic solver

is similar. At the highest frequencies for the deflectedigarattion,
the tip and hub vortex exert the dominant effect for the first toraion
mode and second flapwise mode, respectively. Convetsely; 68
these contributions are flipped. Moreoverddt: 48 the effect of the

The flow around the propeller and foil is predicted by the integra-
tion of the averaged Navi€stokes equations for incompressible fluids.
In non-dimensional form, these equations are given asAfsilo

S o 8
hub vortex on the lateral vibrations was almost five timeatgr than <T uw%o;
that for the neutral position. @ (1)
In the present paper, Refl is complemented with the rudder : @br & ubr pr  s%0

rotation atd ¥4  48in order to compare the two symmetric rotations.

In fact, the swirling flow inside the propeller slipstreaisids a differ- ~ Where u is the velocity,p is the pressures s &=Rep (Pdru

ent distribution of the effective angle of incidence foraspely signed ~ Pr u'Pis the stress tensor, afis the Reynolds number that repre-
rotation of the foil and, consequently, loads and the astmtitruc-  Sents, because of the reference variables chosen i Sge.inverse

tural response. Specifically, the newly tested condition is expecied to ® the physical, non-dimensional kinematic viscosity. Théuiant

more critical, because it gives onset to higher incidenglesin the ~ Viscosity  is calculated by the DES approachriefly summarized
lower part of the rudder, i.e., the one that is not constraipete rud-  for our specific implementation in the study by Di Masei@l

der stock. The conditions tested, performed at moderatpefies The boundary conditions are as follows: at solid walls, the velocity
loading and small incidence angles, reproduce weak maneuvering cd-the fluid is set equal to the local wall velocity; at theownflthe
ditions that, for example, are experienced by the ship durimgrol ~ Vvelocity is set to the value of the undisturbed flow, and thespre

from the autopilot. The methodology relies on the one-weigfl  gradient is set to zero; and at the outflow, both the pressutette
structure interaction paradigm and the flow field is gattleby  normal derivative of velocity are set to zero.

detached eddy simulations. Although the direct, fully coupled  The numerical integration of the govering equationis per-
hydrodynamic-structural analysis is the most realistie, one-way ~ formed by means of an in-house solVer’ based on a finite volume
paradigm is reliable for design-oriented tasks, becaisedmputa-  technique with pressure and velocity co-located at cell centers. The vis-
tionally cheaper. Apart from the computational issues related to theous terms are approximated by a standard second-order centered
convergence of the algorithms that couple the hydrodynamic angcheme, whereas a centered fourth-order scheme has been applied for
structural solvers, the one-way approach allows to perfoparamet-  the computation of Eulerian terms. The physical time-derivatives are
ric analysis of the structural layout for a specific hydrzalgic config-  approximated by a second-order accurate, three-point badKinie
uration (i.e., flow simulation). Moreover, as it was showmRef.21 difference formula, so that the resulting scheme is fully igihph

and the present analysis, it is feasible to diagnose in negadl the  time. In order to obtain a divergence free velocity field at every
fluid—structure interaction of the propelieudder system by dissect- physical-time step, a dual time derivative is introduced irdikerete

ing the different contributions of the vortical structurégom the  system of equatioris.

design perspective, this point is appealing to guide thielgaometry The discrete equations are integrated on partially overlapping
(i.e., circulation distribution), develop active control stragegiethe  structured blocks!“°The use of dynamic overlapping grids makes
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FIG. 1Flow chart of the proposed approach.

also possible the rotation of the propeller with respechéoitertial ~ wherep is the acoustic pressure ands the sonic speed in the fluid

frame of reference. medium. After discretizing E4) using the Galerkin procedure and
applying the continuity requirement at the interface boundary, the d
B. Structural solver cretized equation is coupled with Eg) and the basic governing equa-
The motion of an elastic structure is governed by the momentunfions of fluid-structure interaction (FSI) are obtained‘as
conservation, which can be written as 3K b W, biigb 51¢ p 16 bidg p 3% b 1 bfdg Vs fF.g;
q@%r spf; 2) ®)
@ where¥¢l; ; ¥&; ;and¥; are the hydrodynamic added mass, damp-

whereq is the material densityl is the vector of structural displace- ing, and stiffness matrices due to the fhstitucture interaction, respec-
ment,s is the Cauchy stress tensor, dnid the vector of body forces.  tivelygandF; is the external load containing only hydrodynamical force
The spatial discretization of the weak forms of the above equation & ¥4 | Tt Pg dS where ¥4 is the displacement interpolation
performed with a finite element (FE) approach. This yields the follow matrix, since the weight and buoyancy term are considesabdl in

ing system of ordinary differential equations relation to the fluid dynamic load on the rudder. Detailedfalation
e t6a b & . . i of these matrix identities can be found in the study by Jeane®is”
# f8gp *efdgp K fdg ¥s fRg; ©) In the present analysis, E) is solved using the commercial finite ele-

wherel is the structural mass matris€ is the structural damping ~ment code Comsol Multyphysics. The pressure leatting on the
matrix, ¥ is the structural stiffness matri%; is the applied load vec- rudder is obtained from CFD simulation and inserted in thenfdtlel

tor, and d is the nodal displacement vecforin deriving fluid-  as the distributed face load. In order to use the hydrodynéuad pre-
structure interaction equations, the fluid is assumed non-viscalis andicted by the CFD in the terrR, interpolation is required, since fluid
the behavior of the fluid pressure acting on the structure can band structure grids are generally non-matching.

described with the acoustic wave equation: Il TEST CASE DESCRIPTION
r 2pYa 1 @ @) The test case geometry is shown by the side and top views in
@2’ Fig. 2for the casel ¥4 0 .
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FIG. 2Front, side, and top views of the geometry.

The propeller is the INSEAN E779A model, already used ire tangential flow;; that is oppositely signed with respect to the pro-
many experimental and numerical studies! *° Ilts main geometri-  peller axis and increases from the hub to the periphery oflipe s
cal features are reported ireble | The foil has a standard NACA stream. This perturbation modifies the nominal angle of attack given
0015 profile with a chord %2 0:12m. The distance between the bottom by the rotation of the rudder: as it can be deduced by the weloci
face of the hub of the propeller and the leading edge of the foil islecomposition for two representative sections for thead&sé 48in
d ¥ 0:1135m, which is equal to the radius of the propeller. In generalrig. 3 the effective angle of attaals of the sections of the rudder
the clearance of the rudder from the propeller is selecteddamgtee  increases in the regiomn> 0 and reduces in the regiar< 0. The
both hydrodynamic efficiency (drag reduction, directional stability, oropposite occurs fat ¥4 48 Consistently, the distribution of the loads
maneuvering) and mitigation of vibratory loads induced byspure  along the span of the foil, as sketcheéin. 4 follows the distribution
pulses associated with blade passage. The clearance can have diffesetiie effective angle of incidence. It is straightforwardeduce that
ranges for single screw.8x x=D < 0:6) and twin screw configura- d¥, 48is more critical with respect to the opposite rotation, because
tions (04 < x=D < 0:8) due to their particular shape at the stém. the rudder lower area, which is farther from the constraints on the
Therefore, the selected value is a plausible trade-off to generalize tgsper side, develops the stronger bending and torsional loads
these two shi ologies. Moreover, this value has been also used in
the experimer?f@t)g;ld numerical simulatiors. IV. NUMERICAL SIMULATION SETUP

In the numerical simulations of the flow, two angles of rotation of A. Flow field simulation
the foil have been considered:a@hd 4 . For the latter case, the foil has In the numerical simulations, the rotational speed of the propeller

been rotated around the vertical axis passing through itscimdd has been set to ¥ 17 rps. The inflow velocity i§l; ¥4 3:4 m=s so
point, as shown irrig. 7 that is, moving the leading edge of the rudder that the advance coefficienti&s U; =nD ¥4 0:88.

toward the positive orientation of theaxis. In addition, the stock is All quantities have been cast in non-dimensional form using the
not modeled. Instead, the foil is assumed to extend in thevspan radius of the propellerle ¥4 0:1135m), the velocity of the tips of
direction to the boundary of the numerical domain so thatijts/orti- the blades Wt Y4npD e 1214 nrs), and the density of fluid

ces do not interfere with the slipstream of the propeller. Moreover(q . 1, 1000 kgm®) as reference values. Other reference quantities
with this choice, the flow field is axially symmetric, and, in order toare defined consistently with the principal ones; thus, for example, the

study the response of the rudder bk 48 itis sufficient to move  reference value for the pressureis ¥ Q. U2, ¥2 1:473 10 Pa,
the rudder shaft in the structural model from the upper to theer

end of the rudder and use the same pressure data from the DES for

d¥p4a O,>0 |
It is also worth stressing that the structural response for the twc l:b .
rotation angles] ¥4 6 48 is not the same. In fact, the propeller induces Usor 5 S
U.+u,
TABLE IPropeller parameters.
INSEAN E779A model
Diameter D%:0.227m Oy <O L
Number of blades ZY4 U, +u x
Pitch ratio P=D % 1:1 s T~
Rake 435 (forward) or
Expanded area ratio 0.689
Hub ratio 0.200
FIG. 3Velocity induced by the propeller to the rudder.
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TABLE IIDistribution of computational cells.

o =-4° Mesh element Size
Four propeller blades 2.3610° (12.2%)
Propeller hub 1.28 10° (6.6%)
Rudder 6.29 1¢f (32.6%)
- Near field background 8.271¢° (42.8%)
gggg Far field background 1.1210° (5.8%)
0.024 Total 19.32 1P
0.012
0.000
-0.012

-0.024
-0.036
-0.048
-0.060

that the thickness of the first cell on the wall is always below one in
terms of wall units (i.ey? < 1). The total number of cells is about
1.9 10’; details of the cellglistribution are summarized ifable IL

The adopted numerical grid is almost equivalent to those adopted in
previous studies for the propeller and propeller/rudder axttons
class of flows”°?’In those studies, the quality of the numerical grid
and the validation with available experimental results eveiged and

not proposed here for brevity.

FIG. 4Load distribution along the span of the rudder. Arrows represent the side
force developed by each section. B. Structural simulation
The rudder assembly has the same geometry as in previous
and the reference value for the time tig; ¥4 Lie=Urer ¥4 0:936 numerical investigations®’and is briefly outlined herein. It consists
10 2s. Furthermore, assuming a kinematic viscosity of the wateof a rudder blade with two horizontal stiffeners located atabi@ 2/3
¥ 1:139 10 ®m?=s, the Reynolds number BeYs Uetlier= of its length. The rudder stock is modeled as a cylinder situat@pat
Y,1:211 1. of the chord length from the leading edge, as showhiin 6 The
With the above choices, the non-dimensional period of tevol main rudder and stock dimensions have been chosen in acoardan
tion of the propeller i ¥4 2p, and the adopted time step, correspond- with the guidelines recommended by the DNV Classification Sdciety.
ing to a rotation of 1 for the propeller, isdt%2p=360 To replicate a realistic arrangement of the rudder, the topmodes
« 0:1745 10 !(thatis, in the dimensional form;@833 10 “s). of the stock are imposed to be rigidly fixed, while the nodes hiatpng
The computational mesh is made up by structured, overlgppin to the region of the bearings are free to rotate around the stogkaixi
blocks. Around the propeller, the blocks are arranged according to aare fixed against displacements. The material of the ruddeatispic,
“O-grid” topology ig. 5 left), whereas for the mesh around the foil, a and the mechanical properties, together with the main ruddemge
“C-grid’ topology is adopted. The near-field background (shown inric characteristics, are reportediiable |11,
Fig. 5 right) is composed of toroidal blocks, and the same holds fo An acoustic domain is used to simulate the water surrounding
the far-field blocks, where the boundary conditions are enforcesl. Ththe rudder, as described in Sé&., with non-reflecting boundary con-
simulation of the flow is wall-resolved with a grid disttibn such  ditions implemented at the boundaries of the acoustic floichain to

FIG. 5CFD mesh topology, around the bodies (left) and in the near-field background (right).
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’ non-reflecting boundary conditions ‘

horizontal
stiffners

FIG. 6Structural model of the rudder and its boundary conditions. FIG. 7Finite elements mesh of the rudder.

modeled using triangular shell elements (Seg 7). All of them are
represented using second-order (quadratic) shell elements, each pos-
sessing its specific thickness. The simulation uses a MiRdlissner

TABLE llIStructural characteristics of the rudder.

Property Parameter formulation™ to account for transverse shear deformation. The acous-
Span length 270mm tic domain, utilized to simulate the water around the rudder, istred
Chord length 120 mm with tetrahedral elements$-(g. §. Acoustic elements on the rudder
Rudder thickness 18mm surface share the same nodes as the structural domain arigt exhi
Stiffeners thickness >mm incre_ased coarseness as they extend farther_ from the surface. The
Stock radius 6.8mm details of the mesh distribution are presented @ble |\. The mesh
. ) size was determined through a preliminary sensitivity analysisre
Stock thickness 3mm rudder displacements and stresses were calculated with different mesh
Density 7850 kg/mh sizes to ensure that the structural analysis results were not signjficantl
Rudder mass 2.093kg influenced by mesh density. Since at their common boursjdtied
Young modulus 200 GPa
Poisson coefficient 0.3 TABLE I\Structural mesh.
Yield stress 235 MPa
Mesh part Element type Size
approximate an infinite space. Preliminary simulationseweon- ~ Rudder Quadrilateral 1800
ducted using a cylindrical water domain of increasing dsiwm in ~ Stock Quadrilateral 900
order to prevent the boundary condition influences on thecstiral Stiffeners Triangular 330
response. Top and bottom plates Triangular 380
The rudder and the stock are modeled using quadrilaterdll sheacoustic domain Tetrahedral 1.410°

elements, while the top and bottom plates and the stiffeners are
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10° points. The time step employed in the structural analysis matches that
— | DES z=0 of the CFD simulation and covers a time period equivalent to eight
— 1 DES z=-1 propeller revolutions. The resulting sampling frequency satisfies the
102 Interpolated z=0 Nyquist-Shannon criterion up to 3kHz.
- Interpolated z=-1
W V. RESULTS
g 10’ ! 'U“ " A. Flow field description
2 M The flow field that develops around the rudder in the neutral an
g i deflected conditions at ¥ 48is shown on the left and right panels of
< 10°¢ ' Fig. 9 respectively. Note that the flow for the casd & 48is the
- same as the reported one but asymmetric with respect to the y-axis.
y The figures shed light on the features of the vortical system,fiddnti
10 | L l [ by the k-criterion®” and pressure field on the wall. Here the key
. aspects of the flow are briefly summarized to support the asalf/s
1 0“20 SR the correlation of the dynamics of the coherent structurehl e

600 loads and the structural response of the rudder. The detdlie diow
field have been discussed in depth in the studies by Muetcafiand
FIG. 8FFT of the pressure from DES vs pressure interpolated on the stWQneSEt al?la_lnc_i are Om'“e_d for ConC|sene_ss.
mesh. In general, distinct flow regimes are established arounclitider,
due to the different strength and morphology of the hub apdirtex.
and structural mesh nodes do not coincide, the exchange of data the central area, the flow is chaotic and highly turbulenfact, the
between these domains necessitated the utilization of an interpolatidwub vortex, stronger with respect to the tip vortex, calisith the wall
algorithm. Specifically, in this investigation, presstaéa at CFD  almost straightly, and hence, it interacts over a largeacoatea with
mesh nodes were transferred to structural mesh nodes employirige wall. This enhances the interaction and vorticity ngetween the
bilinear interpolatior.* The accuracy of the interpolation method vortex and the boundary layer of the wall and the conseqaefdbe
used to transfer the pressure data can be verifiéddng where the  self-induction due to the wall image effect. This processesastrong
FFT of the interpolated pressure loads received by the structure at tviitt and stretching of the vortex up to its disruption to steaktructures
distinct points positioned at mid-chord and at differentdigs are  and further enhances the mixing with the rudder boundaryeray
compared with the interpolated pressure at the nearest CFD gri€onversely, the flow on the area of the rudder impinged byigtheend

400
freq [Hz]

FIG. 9Vortex field lxy. Fluid structures are colored by pressure vatlig: 0@dind right ¥4 48

Phys. Fluid3g 065105 (2024); doi: 10.1063/5.0201867 36 065105-8
¥ Author(s) 2024

6¥:0€: T ¥20C sunr €0


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

blade vortex sheet is smooth. In fact, the tip vortex weakfteisthe  loads, namely, the longitudinal and lateral forégsand ) and tor-
collision with the leading edge because of traveling wawedéngn  que (M) for the three rotation angles (se&). 10. In the figures, the
along its axis that destabilize it. The chunk on the suctide &  solid lines are the averaged values, and the dashed lines identify the
completely tilted toward the wall and loses its energy duiriterac-  variance. Because of the perturbation velocity induced by the propeller
tion with the boundary layer of the rudder. During the intfan slipstream (see discussion in Sécand Fig. 3, the loads vary along
with the foil, the two halves of the propeller slipstream engertically  the span of the rudder. In the neutral condition, the loads éspee
as a consequence of the pressure difference with respretdce of  same trendR, and Mz are asymmetric and balanced with respect to
the rudder that is not impinged by the propeller slipstredinis phe-  the horizontal axis, consistent with the fact that the hydrodynamic
nomenon strongly depends on the rotation angle of the rydaeit  incidence is totally associated with the wake perturba@dviously,
can be evidenced by comparison of the trajectory of the tigxwon Fx is symmetric and negative because is associated with thefdinag
the rudder wall on the left and right panels fing. 9 For example, foil. On the other hand, al ¥4 48 R, is shifted to positive values and
focusing on the domainzé 0, y< 0), i.e., the snapshots on the top, is stronger az> 0, consistent with the rotation of the rudder and the
the upward motion of the tip vortex is strongerda¥ 48, because the positive combination with the angle of attack associated witH s
pressure inside the slipstream is higher due to the loddeince (see imparted by the propeller race. AtY2s 48 the loads are inverted
also the larger extension of the pressure peak at the leedg®). A with respect to the vertical axis. In the present case, thetwtaliexci-
similar mechanism is experienced by the hub vortex that sovetation can be very different with respect to the previous one, because
toward the periphery of the low pressure area of the ruddenicat- the overloading of the lower area of the rudder produces a stronge
ing to the reattachment with the tip vortices in the far wake. bending moment for the considered structural layout (the andtock

The effect of these mechanisms on the loads developed by tliieon the top edge of the foil). In genendlz acts to increase the local
rudder is synthesized by the spanwise distribution of theesgmtative  rotation angle of the foil. This is consistent with the fact that tintere

3=0°
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FIG. 10Distribution of the forces and torque along the span of the rudder.
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TABLE \Dry and wet natural frequencies (in Hertz) of the rudder. , H
Mode Frequency (Hz) Type l
X
1 99.73 First flapwise mode (Y-bending)
2 142.15 First edgewise mode (X-bending) A
3 523.33 First torsional mode
4 694.16 Second torsional mode
of the hydrodynamic load is located ahead of the rudder stk is Flow B

qualitatively corroborated by the pressure maps on the walbjir®

As a consequence of the complex dynamic of the hub vortex, the
variance of the loads is higher in the central area of theewddth
respect to the area traveled by the tip vortices. It is interesting to
observe that ail % 48, the variance is strengthened for 0. This is
caused by the fact that strong pressure rise at the leadjggpesghes
down the hub vortex (see the right panekiy. 9.

ref C

B. Modal response of the rudder

Solving the generalized eigenvalue problem of the homogeneo.._
equation associated with the FSI problem described in&Eqthe
modal characteristics of the submerged rudder were ohitaifiee ~ C- Structural response
evaluation of the natural frequencies and their associated mode of The investigation initially focuses on the displacemedtaiora-
vibrations is fundamental to understand its response once subjected tions of the rudder under the global load condition. To introduee t
the dynamic load exerted by the collision of the vortex sysiith the key aspects of the structural behavior of the rudder at threlesang
walls. According to the analysis already performed in the study byotation, the time histories and the corresponding frequency spectra of
Magionesiet al,”* the first four natural frequencies and their mode the displacement components of prdbg, located at the leading edge
shape are reported irable VVand depicted iri-ig. 1] respectively. of the free tip of the rudder (séeg. 13, are first analyzed. In the fig-

From the analysis of the figure, it is evident that the first mode isures, the time histories last for two propeller periods and the frequency
primarily flapwise bending, while the second is an edgdweieding  domain has a resolution of 2.12 Hz, according to the selected time
mode. The third and fourth modes are torsional ones. interval of the numerical simulation (eight propeller cycles). Tten

FIG. 12Reference probeffars. 1315

a) b) c) d)

FIG. 11Mode 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).
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FIG. 14Deflections alopdirection. Left: time history. Right: FFT.

concepts are extended to discuss the overall behavior of the structurés)e-averaged deformations normalized with respect to ruddan sp
described in terms of three-dimensional maps. are depicted. At Q the foil experiences a mean deflection toward the

A first insight on the motion of the probe along x, y, and zdlire negativey direction because in the lower half of the rudder, the propel
tions (indicated with the capital letters U, V, and W, respectively)ler slipstream induces an angle of attack that leads to the generation of
depicted inFigs. 1315 highlights that the foil experiences the largest negative lift (see alsag. 9. In this case, the deflection is small due to
mean deformation and fluctuation along the y direction. In terms ofthe fact that it is induced mainly by the propeller slipstream. At the
mean deformation, it is at least one and two order of magnitudéwo equal but opposite rotatiors ¥4 6 48 the response of the rudder
greater than W and U, respectively. The mean deformation along z i§ not symmetric. The three-dimensional snapshot of static coafigu
greater than that along x, since it is driven by the motions inhjle tion of the rudder at these conditions highlights that the displaceme
the vice-versa holds for the fluctuations. When the rudsleet atinci- ~ Of the rudder is amplified at the tip wheh’s 48 As described in

dence, the mean deformation and the fluctuations are mrkeapli- SecV A, the hydrodynamics loads in the lower area of the foil induce

fied with respect to neutral condition. a stronger bending moment relative to the stock, since they are gener-
In Secsy/ C 1andV C 2, these aspects are discussed in detail foted at a higher angle of attack given by the constructiversagition

the mean and dynamic components. of the nominal inclination and slipstream induced velocitypéarticu-

lar, the deformation of the foil &.ratd ¥4 48is about 65% greater
than atd % p 48 and magnified by almost five times the one experi-
enced ad ¥4 08(seelable V).

A qualitative description of the mean deformation of the reidd In order to complement the qualitative description of the three-
under global load conditions is provided inig. 16 where the dimensional deformations presentedHi. 16 they direction mean

1. Mean deformation
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FIG. 16Time averaged deformations normalized with respect to rudder span along y direction.
TABLE VIV motion of the rudder at pRabe deformations along three distinct chordwise sectionssgé€ ) have
been extracted: section C corresponds to the gatation ofP,¢, Sec-
Rudder rotation Mean 1P Hub (%) Tip (%)  tion A'is located at the opposite height relative to the propelle; ax
and section B is aligned with the propeller axis. The results of these
d¥% 08 1.53 15 75 analyses are detailed inable VI, where V|, and Vi are the
d %48 451 37 53 V-displacement at the leading and trailing edges, resplgctiVe
dv. 48 7.46 29 63 obtain a quantitative measure of the rudder torsion, an additional
parameteDV, defined as the difference between the displacement at
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TABLE VIV mean deformation along sections A, B, and C.

Rudder Vmax

Section rotation Ve 10 Ve 10 (%chord) DV

A d %08 1.6 1.7 0.55 0.28
A d ¥, 48 7.0 8.5 TE 2.47
A d¥% 48 12.0 11.3 LE 1.23
B d % 08 7.0 7.5 0.63 1.00
B d v 48 24.6 26.4 TE 2.63
B d¥ 48 41.0 39.2 LE 3.16
C d % 08 14.0 14.9 0.73 1.58
C d ¥4 48 445 45.8 TE 2.28
C d¥% 48 75.2 72.7 LE 453

leading and trailing edge normalized with respect taithe08 case in
the central station, has been introduced, D¥.,% &/l ViebE=V/et,

with Vies 2 V2V measured at section B.

At d ¥4 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 establishdd/at 48 since

in the lower half of the rudder a positive, counterclockwisenertt
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 threecasam-
ined, as outlined ifrable VL 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 vortexrretgvel-
ops small and oppositely signed lift forces about the propeller akis w
negligible resultant contribution (seej. 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 hutxvort

It is worth noting that the deformation profiles along these sec-at d ¥4 48 is almost doubled with respect to the positive rotation.
tions vary depending on the rotation of the rudder. Spedificunder
the 48condition, the deformation is maximum at the leading edge ofmore loaded and, being farthest from the rudder stock, desskoon-
the profile. This behavior implies a counterclockwisetiareaof the
profile, which has the effect of increasing the nominal angle of attack
as it can be deduced byg. 17 Conversely, at 4the trailing edge
region experiences the most substantial deformation, implying a coun-
terclockwise rotation, which, in this case, produces a reduction with ~ The rms of the displacement fluctuations R{; for the three
respect to the nominal angle of attack. In the neutral conditibe
maximum deformation occurs between 50% and 75% of the ruddéﬂ Y4 48 is the most critical; the fluctuations are indeed markedly
chord, depending on the vertical position of the specifiticae being
considered. For what concern torsion, it is evident that tagimum
torsion occurs at 48 condition, where thé®V parameter exhibits a bending moment) depicted iRig. 4that are generated in the lower
linear growth from the rudder top (section A) to middle sestB and
then to lower one (section C). In contrast, the behavior dfidor in
the 4 case is more complex, characterized by a maximum in the cen-  The inspection of the spectra, displayed in the right paofkls
tral section (B) and a value in section C lower than that reached in th&igs. 1315 shows that the vibratory response of the rudder exhibits
upper region. The reason for this behavior can be ascribéé #stym-
metric distribution of Mz along the span of the foil (seeg. 10).

This is consistent with the fact that the lower half of the rudder is
ger bending moment.

2. Vibrations

tested conditions reported inable VIII confirms that the rotation at

amplified with respect to both the neutral condition ahéls 48 This
behavior is consistent with the stronger fluctuations of theef¢and

portion of the rudder £< 0), due to the constructive combination of

nominal rotation and propeller wake swirl.

two distinct frequency bands: a low-frequency range (below the first
natural in-water frequency, 100Hz) marked by peaks associated

6=0°

5= +4° 5= —4°

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

TABLE VIlAverage and rms of the fluctuations U, V, and WRpf probe

Rudder rotation u 1@ rms 1C° vV 10 rms 10° w10 rms 10°
d %08 0.75 0.88 1.51 1.74 1.36 1.78

d ¥, 48 0.65 2.57 451 5.38 0.68 0.75
d¥% 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 Hd bfade  than 60% to the vibratory motion. Finally, at the neutral position, the
passing frequencies), and a mid-frequency range mainfgatedzed  hub vortex contribution can be totally neglected.
by distinct peaks at frequencies equal to wet natural modes (flapwise In the hydrodynamic regime, the spectretiny. 18reveal that the
and torsional modes) of the rudder system. vibrations are mainly triggered by the action of the hub vortex, ident
The fluctuation at the first flapwise mode (100 Hz) is the leadindfied at the frequency of 17 Hz. At incidence, the vibratory loadsechu
one, while the hydrodynamic component is slightly supeni@quiva- by the hub vortex are markedly stronger with respect to the neutral
lent to the higher order modes (edgewise and torsion). Lateral vibrazondition and, in general, to the tip vortex, compared witlys.
tions are minimally excited at the edgewise mode, in cdnttas 18(a}-18(c) In more detail, the contribution of the hub and tip vortex
fluctuations along U and W. is stronger in the case 448 with respect to the negative rotation.
The spectra highlight that, at incidence, rudder vibrati@ne  This behavior is confirmed by comparing the magnitude of the spatial
strengthened in the whole frequency spectrum with the exception dfistribution of the deformations ifrig. 19 A plausible interpretation
the torsional frequency at about 510Hz. This componenhtslig of this apparently unexpected behavior is that the fluctuationkeof t
increases at ¥4 48 while at the opposite incidence, it weakens with hydrodynamic loads in the lower portion of the central are&efrtid-
respect to the neutral rotation. Paying attention to the lateral vibrationsler are stronger (see discussion in Set.and Fig. 1(). Indeed, the
in the hydrodynamic range (right panelfing. 14, the character of the portion of the hub vortex that hits the face of the rudder (§, see
spectra is broadband with distinct peaks associated with the dynamitsp/right panel of~ig. 9 is characterized by the most turbulent phe-
of the hub vortex (17 Hz and its multiples) and tip vortex (68 Hz). At nomena and moves downward. This causes the bending moment to
d¥% 48 the vibratory response is weaker thébs 48 only in the have stronger fluctuation in the domair: 0. This mechanism affects
case of the fundamental peak at 17 Hz. the evolution of the slipstream also in the tip vortex area of the rudder
In the mid-frequency range dominated by resonant peaks, thand, consistently, the structural vibration associated with load
fluctuations ad % 48associated with all vibratory modes are stron- developed in the tip region is stronger (compare the right panels in
ger than ad % 48, It is interesting to observe that the effect of torsion Fig. 19.
is strongly mitigated in the case @f/4 48 with the peak at 510 Hz At the higher frequencies in the hydrodynamic range, the charac-
being roughly five and three times smaller compared to thesifgp  ter of the spectra aP.s is broadband, although a peak, markedly
and neutral rotation, respectively. Different from the lateral fluctua-smaller with respect to the one characterizing the dynamics of the hub
tions, the vibrations along and z directions are also affected by the vortex, can be grasped about the frequency of 68 Hz (first, BRE)e
edgewise mode, identified by the peak at 136/Fzs( 13and 15o0n the action of the tip vortex overwhelms that of the hub vortexe Th
the right). Qualitatively, the effects of the rotation ofthéder on the  spectra highlight that the vibrations associated with the tip vaitex
vibratory response in the two range of frequencies arestensiwith  stronger when the foil is deflected and maximized % 48 consis-
the one observed for the lateral fluctuations. The streamyilisation  tent with the higher incidence angles induced at the tip. Télsakior
U is not spurred by the flapwise mode in the neutral conditwinije is corroborated by comparison of the maps of the fluctuadiosB Hz
atd ¥4 6 48 the contributions of the flapwise and edgewise modes ari Fig. 20
equally balanced (s€eg. 1. The vertical fluctuations W are mainly In the region of resonance peaks, the load in the tip vortex area is
correlated with the flapwise mode, although the component at th¢he prevailing one to excite the first flapwise mode (at 98 Hz) (see
edgewise frequency dominates with respect to the higher orddes  Fig. 19. In particular, the spectra evidence that in the neutral condi-
in the resonance region and hydrodynamic regime in neutral and ation, the action of the hub vortex is insignificant, because tioéuth-
incidence conditions (séeg. 19. From a general standpoint, the spec- tion induced by the tip vortex is almost coincident to the total one. On
tra highlight that in the hydrodynamic regime, the hub vortex is pre-the other hand, at incidence, the relative contribution of the hub vortex
vailing, since it is the primary source of the strong peakatshaft is strengthened. The magnitude of the fluctuation of the hutexas
frequency (17 Hz). similar for the two rotations, although the relative contribution with
In order to further inspect the relation between the forcing, i.e.respect to the tip vortex system is markedly differend %t48, its
the propeller wake, and the structural response, the distontribu- contribution is almost halved with respect to the tip vortex, whereas at
tions of tip and hub vortices are synthesized by the spectra reportetie opposite rotation, the effect of the tip vortex is up to four times
in Fig. 18for the reference prob®.; Additionally, the vibratory greater than the hub one. This behavior can be explained with the
response of the whole rudder has been investigated by means fatt that in the neutral condition, the hub vortex hits syntrically the
maps of the amplitude of V at the characteristic frequencies, identieading edge of the rudder and transfers its energy to thenesdge
fied by the local analysis on proBg: (seeFigs. 1923. In fact, the  mode instead of the flapwise one. The percentage difference of the
stiffness of the foil is not uniform, consistently with the adoptedmagnitude of the vibrations induced by the tip vortex systeth w
structural modeling. Hence, the non-homogeneous loadimmited  respect to the hub vortex can be appreciated by the maps.ia 1
by hub and tip vortex as well as the benditagsional coupling can The tip vortex is the primary source of excitation of the fiost t
give rise to a different response at other points. The asalys sional mode (510 Hz, hereinafter indicated as mode T1) in neutral and
focused on the lateral vibrations because they are domindimt w incidence conditions. The spectrafiy. 18spotlight that the ampli-
respect to U and W. tude of the fluctuation associated with the tip vortex is almost coinci-
In general, the role of tip and hub vortices is expressed in termdent to the resultant one. In fact, during the interaction with the wall,
of the percentage of the rms of the total fluctuatioRatin Table IX this vortex element generates oppositely signed loads impge and
At d ¥, 48 the hub and tip vortex systems contribute equally to thelower parts of the rudder that act to twist the structure. Thetiaiion
rudder response, whereasavs 48 tip vortex contributes more atd Y2 48is lower with respect to the neutral and the worst condition
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FIG. 18FFT of V component for split and global loads.

FIG. 19Magnitude of deformations along y direction at 1@ Hz48eftd rightl ¥4
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FIG. 20Magnitude of deformations along y direction at 68 Mz4&eftd rightd %2 48

FIG. 21Magnitude of deformations along y direction at 9€ Mz48eftd rightd ¥4 48

at the negative incidence (seg. 19. This trend is somehow propor- D. Von Mises stress

tional to the effective angle of incidence experienced by the foil about A snapshot of the Von Mises stress distribution on the structural

the tip. The overall description of the fluctuations repdrin Fig. 22 components of the rudder at¥ 48is depicted irFig. 24 The most

confirms the dominant role played by the tip vortex systerthwi cyitical area is the joint of the stock with the upper wet plateliaud-

respect to the hub as well as the marked asymmetry between the tW@ rotations. This is due to the transmitted displacements through the

rudder rotations. rudder blade to the stiff stock. The maximum values for fy@®and
Finally, the tip and hub vortex excite almost equivaletiytor- 48 conditions are 9.4, 31, and 51 MPa, respectively. Although these

sional mode about 670 Hz (hereinafter referred to as T2). The spectiress concentrations remain well below the yield stress (equal to

at probePershow that this mode in the neutral condition is one order 235 MPa), they can be responsible of a significant reduction of the rud-

of magnitude lower than mode T1. On the other hand, at in@éen der durability due to fatigue.

these two modes are comparable, despite their relative magnitude is  The mean and the standard deviation values of stress at the most

flipped: atd % 4872 is weaker than T1 and vice versa in the case otrained location are reported for the three different rudoeations

d ¥4 . Consistently with the mode shape reported-in. 11(dythe  in Table X The Von Mises stress generated & 48 is noticeably

motion of the structure is subjected to bending in the forward area anémplified with respect to the positive rotation. The observeddtre

torsion close to the tip (s€eg. 23. In contrast to the localized spectral with the rotation of the rudder resembles that of the structural feactu

analysis aPes, the response at¥s 48is more critical with respectto  tions reported infable VIII. Atd % 48 the mean and the standard

d ¥ 48 due to the action of the tip vortex which markedly amplifies deviation (StDev) of the stress are stronger by almost fous timith

the torsion in the lower half of the rudder. respect to the neutral condition and 35% with respect to the positive
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FIG. 22Magnitude of deformations along y direction at 510 Hz8afid righd ¥4 48

FIG. 23Magnitude of deformations along y direction at 676 Hz8a(fd righd %2 48

TABLE IXContribution of hub and tip vortex to rudder oscillatioeat probe | oiot0ne in the wake of the INSEAN E779A propeller in a lightly load-

ing state §¥20.88) has been studied by one-way flgtducture inter-

Vortical system d¥,48 dv.08 d¥ 48  action. The flow field around the propeller-rudder system teenb
Hub (%) 45.43 0.44 28.47 Obtained through DES, with the resulting pressure field onudder
Tip (%) 46.30 73.68 64.09 Serving asinput for the structural solver.

For the analyzed configuration (i.e., rudder constrained at the
rudder stock and unconstrained at the tip), the structural respas
mainly driven by flap and torsion. The magnitude of the meanreefo

Otfnation and vibratory response of the structure depends on thiamta
eof_ the rudder. The structural response for the ah¥e 48is ampli-
F(lled with respect ta ¥4 4 . In fact, the effective angle of attack, and
Sence the loads, is magnified in the semi-plane of the foilishabt
constrained to the stock, because of the constructive combination of
the rudder rotation and the swirl velocity imparted by the propeller
VI. CONCLUSIONS The mean deformation in edgewise and lateral directionsisased

In the present work, the structural response of rectangularfor d ¥a 48by almost 50% and 100% with respeat f: 48, respec-
NACA 0015 shaped rudder in neutral and at two equal but opposi tively. The contribution of the tip vortex is always stronger than the

incidence. At the negative and neutral incidence, thessisemainly
caused by load generated in the tip vortex region, the contribution
the hub vortex being about 5% and 20% of the resultant one, resp
tively. Conversely, the effect of the tip and hub vortex are imbalanc
by 20% at ¥4 48
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with the leading edge and successive interaction with the boundary
layer of the foil. In the structural range, the contribution & fiist tor-
sional mode (521 Hz) dominates with respect to the second torsional
mode (694 Hz) atl ¥4 08 and, at a lesser extent,ca¥s 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 equivalen that
provided by the hub vortex in the excitation of the seconditoral
mode. The hub vortex drives the dynamic response in the hyerody
namic range.

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

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