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ABSTRACT

Marine propellers are subjected to fundamentally different
loading conditions in forward and backward operation, of-
ten leading to conservative structural designs and subopti-
mal load distribution. This paper presents a proof of con-
cept dedicated to the structural optimization of a real scale
marine propeller using an artificial neural network (ANN)
surrogate model. The ANN is trained on a database gen-
erated from bounded random parametric variations of the
propeller geometry, for which structural stresses are com-
puted under both forward and backward operating condi-
tions. The geometry is parameterized through a decompo-
sition of the original blade shape into Bézier control points,
where only the blade thickness and skew distributions are
modified. To facilitate the training of the surrogate model,
the structural response is reduced to a scalar quantity based
on the maximum von Mises stress at a nodal element. The
hydrodynamic loads required for the structural analysis are
obtained from CFD-RANS simulations, validated against
available reference trial data. The optimization loop tar-
gets the reduction of peak stresses and the load imbalance
between forward and backward operating conditions with
a first approach optimization function. Results show that
the optimized geometry reduces stress asymmetry between
operational design points, leading to improved structural
robustness of a maximum of 4.59%.
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1 INTRODUCTION

Marine propellers are critical elements of ship propul-
sion systems, generating the thrust required for a vessel
to achieve its service speed. Propeller selection remains
one of the most complex and multidisciplinary task in
ship design, as it must reconcile hydrodynamic efficiency,
structural integrity, cavitation performance, manufactura-
bility [2], and increasingly stringent regulatory constraints
such as underwater radiated noise reduction [5,9].

Traditional propeller optimization strategies rely on high-
fidelity computational fluid dynamics (CFD) simulations
coupled with multi-objective optimization algorithms, such
as NSGA-II, to maximize efficiency while satisfying con-

straints on thrust, torque, and cavitation [16} 6]. The reli-
ability of CFD-based hydrodynamic loading has improved
significantly due to the availability of high-quality bench-
mark datasets. Among these, the JoRes (Joint Open Re-
search [11]) initiative provides a comprehensive full-scale
reference framework including sea trials, laser-scanned
hull and propeller geometries, quantified surface rough-
ness, and detailed measurements of the propeller inflow
[[1]. The JoRes database has been widely adopted for blind
CFD validation campaigns, providing a robust and trans-
parent basis for hydrodynamic simulations and subsequent
structural analyses.

Although these approaches provide accurate performance
predictions, their high computational cost significantly lim-
its their applicability in large-scale parametric studies or it-
erative design loops, particularly when multiple operating
conditions must be evaluated [4]. To alleviate this limita-
tion, alternative methods can be used to predict hydrody-
namic performances [8] later used for optimization design.
Surrogate modeling techniques have been as well intro-
duced to approximate hydrodynamic responses at a fraction
of the computational expense. These approaches include
reduced-order models [10] and machine-learning-based
predictors [[15)]. Artificial neural networks (ANNSs), in par-
ticular, have demonstrated strong capabilities in learning
nonlinear relationships between geometric parameters and
hydrodynamic coefficients [3l[12]], and have been success-
fully embedded in optimization frameworks such as parti-
cle swarm optimization schemes [7].

Despite these advances, most surrogate-based propeller op-
timization studies remain focused primarily on hydrody-
namic objectives. Structural considerations are often sim-
plified or treated as secondary constraints, while compre-
hensive structural optimization remains comparatively un-
derexplored. When navigating backward, the inversion of
pressure fields can induce substantially different stress dis-
tributions between forward and backward conditions, po-
tentially increasing peak stresses or generating unfavorable
load asymmetry that may affect fatigue life and long-term
reliability.

The present work proposes an ANN-based surrogate
methodology dedicated to the structural optimization of a



real scale marine propeller. Unlike fully coupled multi-
physics optimization strategies that simultaneously modify
hydrodynamic and structural objectives, the present study
adopts a deliberately decoupled approach. First, the hy-
drodynamic pressure fields are computed using validated
CFD-RANS simulations under forward and backward op-
erating conditions. These pressure distributions are then
treated as fixed external loads in a structural finite element
framework based on 2D shell elements simulations. The
optimization procedure focuses exclusively on geometric
modifications aimed at reducing peak von Mises stresses
and mitigating stress asymmetry between operating direc-
tions. This decoupling strategy enables a clear interpreta-
tion of the influence of blade geometry on structural be-
havior, while avoiding the prohibitive computational cost
of repeated CFD evaluations within the optimization loop.

To ensure transparency and reproducibility, the JoRes1 pro-
peller is selected as the reference geometry. The geome-
try has been made publicly available online within the Wa-
geningen 2025 CFD workshop [17]], and extensive valida-
tion history provides a reliable foundation [13].

The remainder of this paper is organized as follows. Sec-
tion [2] presents the JoRes1 propeller and its geometric pa-
rameterization. Section[3]describes the numerical methods
for hydrodynamic and structural analyses with validations
for both frameworks. Section [ presents the database con-
struction and ANN training procedure. Section [3] presents
the optimization framework. Results are presented and dis-
cussed in Section [6] followed by concluding remarks and
perspectives for future hydrodynamic reassessment.

2 REFERENCE PROPELLER

Figure 1: JoResl tanker propeller (image reproduced from
the JoRes project website).

The proposed structural optimization framework requires
an accurate pressure distributions for the structural loading
calculations. This pressure distributions is obtained from
CFD-RANS study. A well-documented reference geome-
try and reliable references for the hydrodynamic study are
required to ensure accurate CFD-RANS data.

For this purpose, the JoResl propeller developed within
the JoRes consortium is selected. The JoResl propeller
has been extensively investigated across multiple experi-
mental facilities and by CFD studies. Its propulsive perfor-

mance has been evaluated within international CFD valida-
tion campaigns, including the Wageningen 2025 Workshop
on CFD in Ship Hydrodynamics, which established stan-
dardized validation procedures for marine propulsion sim-
ulations. A schematic representation is shown in Figure[T}

2.1 Propeller Classification and Main Characteristics
The JoResl propeller is a four-bladed, right-handed pro-
peller equipped with a propeller boss cap fins (PBCF), de-
signed for tanker applications. The PBCF fins improves
propulsive efficiency by recovering energy from the hub
vortex generated behind a propeller so that fuel oil con-
sumption is reduced. The principal geometric characteris-
tics of the JoRes1 propeller are summarized in Table([T][17].
The blade area ratio of 0.445 represents a compromise be-
tween propulsive efficiency and cavitation mitigation. The
pitch ratio is defined at the reference radius of 0:7R, fol-
lowing standard marine propulsion practice.

Table 1: Main geometric parameters of the JoRes1 reference
propeller [17].

Parameter Value Unit
Number of blades 4 -
Diameter 6.5 m
Pitch ratio (at 0:7R) 0.795 -
Blade area ratio 0.445 -
Hub diameter ratio 0.150 -

Rotation direction Right-handed -

2.2 Geometric Parameterization

To enable the modification of the geometry of the blade,
the geometric laws such as thickness, pitch, or camber are
parameterized using Bézier curves [8]]. This approach per-
mits smooth and continuous geometric variations to be de-
scribed using a limited number of control points, thereby
reducing the dimensionality of the design space while pre-
serving sufficient flexibility for meaningful shape modifi-
cations in the optimization loop.

By decomposing the geometry of the propeller from the
original CAD geometry, the principal geometric laws such
as pitch, skew, rake, maximum thickness, and camber are
reconstructed along the radial direction using Bézier rep-
resentations. Each geometric law is expressed as a polyno-
mial curve defined by a prescribed number of control poles.
Geometric variations during optimization are achieved by
adjusting the positions of these poles within predefined
bounds, ensuring smooth blade shapes and manufacturable
geometries.

Figure [2] shows the reconstructed pitch and skew distribu-
tions obtained through the Bézier parameterization. The
reconstructed pitch value at 0:7R is consistent with the ref-
erence value reported in Table|[T]
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Figure 2: Radial distributions reconstructed using Bézier pa-
rameterization. Top: pitch law. Bottom: skew law. Control
poles enable systematic geometric modifications during opti-
mization.

3 HYDRODYNAMICAL AND STRUCTURAL NUMERICAL
METHODS

3.1 Hydrodynamic numerical method

3.1.1 Governing equations

The hydrodynamic loads acting on the propeller blades
are obtained from temporally averaged unsteady Reynolds-
Averaged Navier—Stokes (RANS) simulations in open-
water configuration. The propeller is modeled as rotat-
ing at a constant angular velocity in an initially uniform
inflow, using a steady Multiple Reference Frame (MRF)
approach. The simulations are performed using the finite-
volume solver ANSYS Fluent.The incompressible RANS
equations governing the time-averaged flow read
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where Uj and D are the time-averaged velocity and pressure
fields, respectively. and are the density and dynamic
viscosity of seawater at 25 C,takenas = 1025 kg/m3 and

= 1:08 10 3Pas. §ij is the mean strain-rate tensor,
u?u% is the Reynolds stress tensor, and jj is the Kronecker
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delta. The term T; represents body forces from the rotating
reference frame.

Turbulence closure is given by the two-equation k-1 SST
model, selected for its robustness in adverse pressure-
gradient flows and its proven performance in marine pro-
peller simulations.

3.1.2 Computational Domain and Mesh Generation

The computational domain extends from the propeller ori-
gin over a rectangular box extending 5D upstream, 10D,
downstream, and 5Dy, in the transverse directions, where
Dy is the propeller diameter. This extent ensures that
farfield boundaries are sufficiently distant to avoid artificial
boundary effects, and sufficient downstream length to re-
solve wake development. The boundary conditions for the
computational domain are set as follows: a Dirichlet con-
dition for velocity and a Neumann condition for pressure
at the inlet, , pressure outlet boundary condition with fixed
pressure while allowing velocity gradients to adjust natu-
rally at the outlet, and slip wall conditions for all lateral
boundaries to approximate far-field conditions and mini-
mize artificial confinement effects. The computational do-
main is divided into a rotating inner zone and a station-
ary outer zone, enabling the Multiple Reference Frame ap-
proach, as shown in red in Figure [3 The boundary con-
dition on the surface of the shaft is set with a no-slip con-
dition in the rotating zone and a slip wall condition out-
side the rotating zone. The interface between the rotating
and stationary zones is treated with an internal boundary
condition. Wall roughness effects are included by applying
the Nikuradse sand-grain roughness model with a height of
3.79 m to all the walls within the rotating region.
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Figure 3: Half computational domain for the Open Water
simulation. The volume refinement, going from inlet towards
after the propeller including PBCF is shown in blue. The ro-
tating zone is shown in red.

ANSYS Fluent Meshing is used to generate the surface
and volume meshes. Surface mesh is generated for a sin-
gle blade of the propeller and the PBCEF, then rotated and
duplicated to reconstruct the complete propeller, ensuring
geometric consistency for both the propeller and the PBCF.
Refined elements are concentrated along leading and trail-
ing edges of the blades of the propeller and the PBCF. All
sizing parameters are determined from convergence stud-
ies. The volume mesh employs polyhedral elements near
surfaces and hexcore structure in the far field.

The boundary layer is resolved using 15 prismatic lay-
ers with geometric growth factor 1.2, targeting y™*
100, consistent with the wall-function formulation of k—1!



SST model. Mesh is smoothly matched at the rotatingised for the remainder of the CFD study. An illustration
stationary interface to prevent numerical discontinuitiesf the temporally averaged pressure coef cient eld,,C
Volume re nement extends from inlet to 2 diameters downgiven by

stream of the propeller to capture wake dynamics. Final C. = P Porer | )
mesh sizes are selected from convergence analysis, ensur- P % vz’

ing grid-independence of the results. for ten propeller rotations is shown in Figure 9 with the

3.1.3 Solution Procedure 5:0 10 7 cells mesh resolution. This pressure eld is used
The simulations are initialized using a potential ow solu-2S & loading condition for the forward operating condition.

tion to provide physically consistent initial conditions and
accelerate convergence. A steady-state computation is rst
performed using the Multiple Reference Frame (MRF) for-
mulation. In this approach, the RANS equations are solved
in a rotating reference frame within the rotor zone, account-
ing for Coriolis and centrifugal source terms. This steady
solution provides an initial estimate of thrust, torque, and
blade pressure distribution. At convergence of thrust and
torque coef cients, the solution is used to initialize an un-
steady sliding-mesh computation.

The unsteady RANS simulation is performed by physically

rotating the inner mesh region relative to the stationary

outer domain. The mesh advances by2r time step, cor-

responsjmg t9 1‘30 t|me steps per propeller revolut|qn. T_e_an'igure 4: Grid convergence study showing percentage error
poral discretization is achieved using a rst-order implicitiy thryst coef cient K 1 as a function of numerical resolution.
scheme. Simulations are conducted over multiple revo-

lutions until periodic convergence of hydrodynamic loads

is achieved to balance unsteadiness of the ow. Time-

averaged pressure distributions over one full revolution are

then extracted and mapped onto the structural model.

3.1.4 Numerical Convergence and Validation

A grid convergence study is performed by re ning both the
surface and volume meshes. Convergence is assessed by
monitoring the thrust coef cient ik as a function of the
mesh resolution, expressed as the total number of cells in
the domain. The thrust coef cient, K is de ned as

T

T = Wb’

3
where n is the rotational speed. The axial thrust is com-
puted by integrating pressure and viscous stresses over the
blade surface S,
Z h B i
T= phx +2 Sgny  uduhy dA;  (4)
S

where # is the outward unit normal and x is aligned with
the propeller shaft. The thrust depends on pressure forces,
so Kt is an appropriate indicator of pressure- eld conver-

gence. Figure 5: Temporally averaged pressure coef cient distribu-
Results of the convergence study are shown in Figure #on over the surface of a single blade for J =0.7.
The nest grid has a total of 3:0 16 cells and is taken

as reference. Upon re nement from coarse to intermedizy o crp pang predictions are validated against model-

ate r_esolution, the relative deviation inrl(decr_eases toap- (.oie experimental open-water data [11]. Figure 6 shows
proximately 0.6%. Fu_rth_er ré nement to a_gr!d Of 1.0 £0 the evolution of the thrust and torque coef cients over the
cells reduces the variation below 0.5%, indicating asympaidvance ratio range J = 0:1 to J = 0:8. The torque coef-
totic convergence. Considering the marginal gain in aClient is de ned as ' h
curacy relative to the signi cant increase in computational

cost, which is not commonly employed for numerical stud- M

ies at DGA TH, the mesh with a total of 5:0 10cells is ®)



where the moment vecE;r is obtained from of linear momentum

M= % TdA: (7) r +f .=0; (8)
S

Good agreement is observed across the majority of the afji'ére is the Cauchy stress tensor andfenotes the cen-

vance coef cient range. Larger deviations appear at edifugal body force per unit volume.

treme operating conditions (J = 0:1 and J = 0:8), The corresponding nite element formulation is obtained
where scale effects and Reynolds-number sensitivity afeom the principle of virtual work using the Galerkin
known to in uence performance coef cients. To assessnethod, leading to the global linear system

these discrepancies, additional simulations are performed

at model scale Reynolds numbers. The model-scale simu- [KIfug = fFg; ; 9)

lations show excellent agreement with experimental mea- . . . .
9 P here [K] is the global stiffness matrix, fug is the nodal

surements, showing that the differences at full scale al I ‘ " d fFa is the dlobal ext 't
primarily caused by scale effects rather than numerical i Asplacement vector, and g 1S the global external force
ector. The latter is decomposed as

accuracies. The CFD-RANS simulation presented in thi§
work accurately pre(_jicts th(_a pressure eld used to simulate fFg=fF cg+fF ,0; (10)
the operational loading environment of the propeller.
where fF.g represents centrifugal forces andff repre-
sents hydrodynamic pressure forces.

For the one-way coupling approach used in this work, the
time-averaged pressure difference between the intrados and
extrados surfaces is obtained from the CFD-RANS simu-
lations and is applied as a distributed normal traction on
the reconstructed shell mid-surface. The centrifugal forces
arise from the rotation of the propeller and are introduced
as distributed body forces

fo= p!Prer; (11)

where ; is the propeller material density, ! is the angular

velocity, r is the radial distance from the rotation axis, and

e is the radial unit vector. The angular velocity ! is iden-

tical to that prescribed in the equivalent CFD simulations,
Figure 6: Comparison of numerical predictions of the thrust ~ €nsuring full consistency between hydrodynamic and struc-
coef cient K T and torque coef cient KQ at model and full tural |0ading ConditionS. The Solution Of Eq 9 pr0VideS the
scales against experimental data from the SSPA and HSVA displacement eld throughout the blade structure.

model basins through the JoRes consortium [11] for advance
ratio range J = 0:1to J = 0:8. 3.2.2 Strain Calculation and Constitutive Relations

Once nodal displacements are obtained from Eq. 9, the
strain eld within each shell element is computed using the

3.2 Structural Analysis Methodology strain—displacement relationship
The hydrodynamic pressure elds obtained from the CFD §
simulations are used as external loads for the structural as- =[Blu e; (12)

sessment of the propeller blade. Marine propeller blade% . L .

. . . . . Where [B] is the element strain—displacement matrix and
satisfy the geometric requirements for Kirchhoff-Love thin .

, . . ..~ Ueisthe vector of nodal degrees of freedom.
shell theory, with typical thickness-to-chord ratios t=c
0:04—0:08 and thickness-to-radius ratios t=R < 0:05Within the framework of Kirchhoff-Love shell theory, the
When the thickness-to-characteristic-length ratio satis etotal strain at a distance z from the mid-surface is decom-
t=L < 0:1, transverse normal stresses, and trans- Posed into membrane and bending contributions with
verse shear strains are assumed negligible under thin-
shell kinematic assumptions. Moreover, the material is
considered fully homogeneous. Under these condition\§Vh
. : . ere

the three-dimensional elasticity problem can be reduc
to a two-dimensional mid-surface representation. Thr
dimensional analysis would have been considered for
homogeneous structures [18].

@)=z ; (13)

e%ﬁg deformation. Transverse shear strains are neglected in
NOUZcordance with thin-shell assumptions.

Assuming linear elastic isotropic material behavior and a
3.2.1 Governing equations plane stress condition,, = 0, stresses are related to
Under static equilibrium in a rotating reference frame, thetrains through
structural response of the blade is governed by the balance =[D]"; (14)






