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ABSTRACT

This work presents a multi-fidelity framework for hydro-
acoustic optimization of a marine propeller. First, a CLT
propeller geometry is investigated, with RANS simulations
generating the dataset to construct a reduced-order surro-
gate model, subsequently coupled with a Dual Annealing
optimization algorithm. The optimized designs are then
validated using high-fidelity, scale-resolving CFD simula-
tions, demonstrating higher efficiency driven by increased
thrust, as well as larger absolute values of the Lamb vec-
tor divergence for the optimal configuration compared to
the original baseline geometry. Furthermore, the imple-
mented framework is shown to enable the derivation of an
optimal geometry starting from a conventional design that
mitigates tip-velocity noise emissions, and therefore its as-
sociated effects, without degrading hydrodynamic perfor-
mance. Finally, the structure of the proposed framework
and the models used for high fidelity validation are pre-
sented.

Keywords
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1 INTRODUCTION

Over recent decades, acoustic pollution at the ocean sur-
face has steadily increased at a rate of about 3.3 dB per
decade (Frisk, 2012), driving Underwater Radiated Noise
(URN) levels to values 2–10 times higher than those of the
pre-industrial era (Di Franco et al., 2020). Consequently,
awareness of the need to mitigate anthropogenic underwa-
ter noise has grown, prompting public authorities to issue
recommended guidelines for the maritime industry (IMO,
2014). In response, maritime stakeholders have identified
the propeller as the primary source of shipping noise pollu-
tion (American Bureau of Shipping, 2021) and are increas-
ingly focusing on hydro-acoustic optimization of propeller
design.

Although marine propeller design has historically concen-
trated on improving energy efficiency, pioneering studies
have also targeted the reduction of acoustic emissions for
specific applications (Hammer & McGinn, 1978; Boswell
& Cox, 1974). Innovative propulsion concepts such as
the Kappel propeller (Andersen & Schwanecke, 1992; An-
dersen, 2000; Andersen et al., 2004, 2005) and the CLT
propeller (Perez Gomez, 1976; Perez Gomez & Gonzalez-
Adaliz, 1992; Gaggero et al., 2015, 2016) further illus-
trate this trend. From these studies, two key points emerge.
First, robust hydro-acoustic characterization and optimiza-
tion frameworks for marine propellers are essential. Sec-
ond, unconventional tip-raked propeller geometries can
play a pivotal role in reducing underwater noise emis-
sions, particularly those associated with cavitation. Driven
by the need for efficient hydro-acoustic design tools, re-
cent advances in computational fluid dynamics (CFD) have
enabled the direct coupling of flow-field solutions with
acoustic analyses (Posa et al., 2022a–d). Despite this
progress, performing complete multi-objective optimiza-
tion loops using high-fidelity simulations remains compu-
tationally prohibitive. To address this, recent studies have
shown the effectiveness of surrogate reduced-order models,
which enable data-driven optimization with significantly
lower computational costs while maintaining reliable de-
sign predictions (Jiang et al., 2020; Jin et al., 2018; Jain
& Deb, 2013; Miglianti et al., 2019, 2020). In this work,
we propose a multi-fidelity framework for hydro-acoustic
optimization of a marine propeller. A CLT propeller ge-
ometry is investigated, with RANS simulations generating
the dataset to construct a reduced-order surrogate model,
subsequently coupled with a Dual Annealing optimization
algorithm. The optimized designs are then validated us-
ing high-fidelity, scale-resolving CFD simulations. Build-
ing on previous studies, the geometry generation focuses
on tip-rake modifications (Inukai, 2013) and the role of
tip-bending in reducing vortex strength and the associated
acoustic sources.
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2 MATERIALS AND METHODS

The following section outlines the methodology adopted
for developing the optimization framework. It begins with
a discussion of the design space exploration, followed by
a description of the numerical setup employed for data
generation. Finally, the structure of the surrogate-assisted
loop and the models used for high-fidelity validation are
presented. The numerical simulations were performed
by means of the commercial CFD solver SimCenter Star-
CCM+ v19.06.008, 2024.

2.1 Case study and design space exploration

In this study, the chosen geometry corresponds to the fixed-
pitch, 4-bladed model scale CLT propeller presented by
Moran-Guerrero et al. (2018). The geometry was exam-
ined and pre-processed using CAESES v.5.2.6 to obtain
a straight-tip baseline configuration, which served as the
starting point for exploring the design space. The tip bend-
ing was characterized using two primary design parame-
ters: first, the rake value at the radial location x = 1.0R;
second, a parameter p introduced to control the rake growth
from the section at x = 0.9R outward, progressively mod-
ifying the distribution from a linear trend p = 0 to a hyper-
bolic p = 4 profile. The base geometry and its main pa-
rameters are displayed at Figure 1 and Table respectively.

Figure 1: Base Propeller Geometry. 3D Model.
Table 1: Base Propeller Geometry. Main Particulars.

Parameter Value

Diameter (cm) 20.78
No. Blades (Z) 4
Pitch at 0.7R (m) 0.032
Chord at 0.7R (m) 0.071
Maximum Thickness (mm) 14.81
Rake at r/R = 0.95 (mm) 0.00

Starting from this initial configuration, the design
space was investigated by varying the design pa-
rameters using a Latin Hypercube Sampling (LHS)
scheme, which produced populations of 50 in-
dividuals within the limits reported in Table 2.

Table 2: Design parameter bounds

Parameter Lower Bound Upper Bound

Rake at r/R = 1.0 -0.075 0.075
p 0 4

The specified range for the maximum rake values enables
the tip bending to change its orientation from the suction
side to the pressure side. As previously discussed, the
bounds of the parameter p were defined so that the rake

value transitions from a linear increase in sections ≥ 0.9R
to a hyperbolic increase.

2.2 Medium Fidelity data generation

As previously outlined, each individual in the generated
geometric populations was evaluated using a RANS sim-
ulation to obtain medium-fidelity data on its hydroacoustic
behavior. The numerical setup followed the recommenda-
tions provided by Portillo-Juan et al. (2024). In addition,
the numerical setup was subjected to a verification proce-
dure to confirm numerical convergence, resulting in numer-
ical uncertainties below 1.5% for the predicted flow and
vorticity fields.

2.2.1 Mesh Generation

The computational grid is first defined. In this study, a
structured mesh with trimmed cells is used, comprising
two main zones. The outer zone is a rectangular prism of
dimensions 3 × 0.6 × 0.6 m, selected to avoid blockage
effects. Inside this global flow domain, a cylindrical re-
gion is introduced, centered on the propeller disk, with a
radius of 0.15 m and a length of 0.2 m. This inner cylinder
that encloses the propeller and its near field is treated with
a Moving Reference Frame (MRF) to model the rotating
flow. It corresponds to the volume where the acoustic fields
are computed, thus defining the acoustic domain. Once the
regions are specified, the base cell size and mesh refine-
ments are set. A base cell size of 0.75 m, corresponding
to 3.6 D, is adopted. The acoustic region is then refined to
1% of this base size. Because geometric fidelity is critical
for the propeller meshing — particularly in the leading and
trailing edges — the blade and shaft surfaces are further re-
fined, imposing target and minimum surface sizes of 0.05%
and 0.005% of the base cell size, respectively. Following
the discretization of the mesh volume, it is equally impor-
tant to establish an appropriate boundary layer discretiza-
tion. Since the present study is conducted at model scale, it
is necessary to ensure, a y+ value of 1 must be guaranteed.
To satisfy this condition, the boundary layer was configured
using an estimated shear stress, and divided into 6 prism
layers, with the first layer thickness set to 2.5 · 10−5 m and
a total prism layer thickness of 4.0 · 10−4 m. A detailed
representation of the boundary layer is shown in Figure 2.

Figure 2: Boundary layer detail.
Finally, the boundary conditions must be specified, as il-
lustrated in Figure 3. From this schematic, it can be
seen that the propeller and shaft boundaries are modeled
as solid walls. To represent no-slip walls, the far-field



boundaries are treated as symmetry planes. The inlet and
outlet regions are, respectively, prescribed as a velocity
inlet and a pressure outlet. Lastly, the acoustic domain
boundary is implemented as an in-place interface, allowing
the coupling of the physics solver with the acoustic anal-
ogy in the high-fidelity validation stage of the framework.

Figure 3: Boundary conditions.
Once the grid is specified, a design operating point is se-
lected to initiate the optimization loop. In this study, the
primary operating condition for the propeller was defined
by an advance ratio of J = 0.6, representing a realistic de-
sign point with moderately high blade loading, which pro-
motes the formation of cavitating structures. Furthermore,
a cavitation number of σ = 1.92 was imposed, correspond-
ing to a free-stream velocity of U∞ = 3.17 m/s and a pro-
peller rotational speed of 19.08 rps.

2.2.2 Physics Models

Once the grid has been defined and the initial conditions
specified, the next step is to incorporate the appropriate
physical models for the problem under consideration. The
first aspect to address is turbulence modeling. Here, a
steady Reynolds-Averaged Navier–Stokes (RANS) formu-
lation is employed to reduce computational cost during the
data generation phase. In addition, a k−ω SST turbulence
model is used, following previously validated frameworks
(Portillo-Juan et al., 2024). Regarding the flow treatment,
because the case involves cavitating flow, an Eulerian mul-
tiphase Volume of Fluid (VoF) approach is employed. In
this context, it is also essential to properly model the mul-
tiphase conditions. Therefore, two phases were specified,
representing water and vapor, and were initially set to be
uniformly distributed. To promote cavitation development,
it is additionally necessary to define a phase-interaction
framework using a suitable cavitation model. For this
study, the Schnerr–Sauer cavitation model was selected,
with the nuclei radius and density set to 2 · 10−5 m and
108, respectively. Lastly, it should be emphasized that, in
this phase, the results are obtained as time-averaged quan-
tities, so the acoustic analysis cannot rely on an acoustic
analogy coupling. However, as previously stated, the main
target is cavitation noise—particularly that generated by
the TVC—which persists as a steady and significant noise
source. At this point, the propeller’s acoustic emissions are
therefore assessed using a vorticity-based method, namely
the divergence of the Lamb vector, where the Lamb vector
is defined as:

L = v × ω, (1)

Accordingly, acoustic production in the present work is
modeled as the volume integral of the divergence of the
Lamb vector as an integral vector of the acoustic genera-
tion:

∫
V

∇ · L dV =

∫
V

∇ · (ω × u) dV. (2)

Using the acoustic region as control volume for the pre-
sented integral.

2.3 Surrogate Assisted Optimization

RANS simulations accurately reproduce the complex flow
physics of the TVC configuration and yield an initial esti-
mate of its acoustic emissions; however, their high compu-
tational cost prevents their direct use in parametric multi-
objective optimization. To address this, a Kriging-based
surrogate model is constructed to predict the propeller’s
hydro-acoustic response as a function of the selected de-
sign variables. Trained on RANS data from 50 uniformly
spaced design points, the model combines a global trend
with local correction terms to deliver robust interpolation
throughout the design space. The response surface relies on
two-dimensional Delaunay-based interpolation, ensuring
smooth, continuous variations and forming the basis of the
surrogate-based optimization framework. Once the surro-
gate is defined, a surrogate-assisted optimization procedure
is established and a convergence criterion is prescribed.
Using the efficiency of the baseline geometry as the start-
ing point, the framework iteratively couples the surrogate
model with a global optimizer to identify the optimal com-
bination of tip rake and pitch. At the end of each cycle, the
new optimum is compared with the previous one to decide
whether the surrogate must be refined with additional ge-
ometries or whether convergence has been achieved. Con-
vergence is declared when the efficiency increment sat-
isfies η0,i+1 − η0,i ≤ 10−4, which is considered negli-
gible. The optimization loop was built upon the Python
package Gemseo v6.1.0. Among the tested approaches, the
dual annealing algorithm is selected as a stochastic global
optimizer that combines classical and fast simulated an-
nealing, enhancing exploration through probabilistic long
jumps while gradually reducing an artificial temperature.
The SciPy implementation is used. As the problem is
formulated as a single-objective optimization, a weight-
ing function is introduced that evaluates the normalized
acoustic production (the integral of the Lamb vector over
the acoustic domain) and the efficiency with equal weight.
The optimization loop scheme can be observed in Figure 4.
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Figure 4: Surrogated assisted optimization workflow.

2.4 High-fidelity validation

As the final step of the proposed framework, the obtained
optimal designs are verified through high-fidelity simula-
tions based on the RANS set-up, which is used to initialize
the flow field.

2.4.1 Physics Models

First, the turbulence model is changed from a time-
averaged formulation to a Delayed Detached Eddy Simula-
tion (DDES), which directly resolves unsteady fluctuations.
This modification requires defining a suitable time-step. In
the present configuration, the most conservative choice was
made according to the Nyquist criterion, as this enables a
broad frequency range to be captured in the acoustic anal-
ysis while keeping the Convective Courant Number below
1. As a result, the time-step was set to 5 · 10−5 s. Both the
turbulence model and the phase treatment otherwise remain
as initially predefined. In addition, because TVC structures
are challenging to capture owing to the size of their cores, a
dynamic mesh strategy was implemented, using the Lamb
vector divergence and the vapor volume fraction as the con-
trolling quantities.

2.4.2 Acoustic Models

After updating the physics models to an implicit
scale-resolving scheme, an acoustic analogy can be cou-
pled to the flow-field solution to explicitly account for
sound generation. In this study, the Ffowcs–Williams and
Hawkings (FW–H) acoustic analogy is applied using a
permeable formulation. The FW–H integration surface is
placed at the acoustic-region boundary interface, and the
receiver is positioned on the fluid-domain boundary, verti-
cally and longitudinally aligned with the propeller center.
Acoustic predictions are obtained from unsteady DES data
using a time-domain Farassatt FW–H formulation. The ra-
diated acoustic pressure is decomposed as

p′(x, t) = p′L(x, t) + p′T (x, t) + p′Q(x, t) (3)

where the thickness, loading, and quadrupole contributions
are given by

p′T (x, t) =
1

4π

∂

∂t

∫
S

[
Q

r(1−Mr)

]
ret

dS, (4)

p′L(x, t) = − 1

4π

∂

∂xi

∫
S

[
Li

r(1−Mr)

]
ret

dS, (5)

p′Q(x, t) =
1

4π

∂2

∂xi∂xj

∫
V

[
Tij

r(1−Mr)

]
ret

dV (6)

The thickness and loading terms are evaluated directly from
the flow variables sampled on the permeable FW–H sur-
face through Eqs. (4) and (5), whereas the quadrupole
contribution is computed from the turbulent stress tensor
field within the volume enclosed by the integration surface.
To reduce the computational cost associated with the vol-
ume integration of Eq. (6), the collapsing-sphere formula-
tion proposed by Brentner (1997) is adopted. In this ap-
proach, the Lighthill stress tensor is first integrated along
the source-observer direction,

Qij =

∫
f>0

Tij , dz, (7)

yielding an equivalent surface source distribution. The
quadrupole acoustic pressure is subsequently obtained
from Eq. (8), which is evaluated on the collapsing-sphere
surface at the corresponding retarded time. The total acous-
tic pressure signal is finally obtained as the sum of the three
components at the receiver location.

4πp′Q(x, t) =
1

c2
∂2

∂t2

∫
f+=0

[
Qrr

r|1−Mr|

]
ret

dS

+
1

c

∂

∂t

∫
f+=0

[
3Qrr −Qii

r2|1−Mr|

]
ret

dS

+

∫
f+=0

[
3Qrr −Qii

r3|1−Mr|

]
ret

dS

(8)

A cylindrical permeable FW–H surface encloses the pro-
peller, and all noise components are recorded at a receiver
located vertically and longitudinally in line with the pro-
peller center.

3 RESULTS

This section presents the outcomes obtained with the pro-
posed optimization framework. The results are organized
into, first, the surrogate-assisted optimization findings and
the comparison between surrogate and RANS predictions,
and second, the high-fidelity DDES predictions and their
associated characterizations. The numerical framework
employed was fully verified and validated, as reported
in Portillo-Juan et al. (2026), using the PPTC propeller
benchmark. The resulting numerical uncertainties were
kept below 2%, and discrepancies with experimental data
remained under 3.5%.

3.1 Surrogate Assisted Optimization



First, the surrogate model results need to be analyzed. For
the design space boundaries defined, after implementing
the complete optimization loop, a single level of refinement
was needed to derive a converged optimal solution, leading
to a population of 92 feasible individuals. The response
surfaces built for the hydrodynamic efficiency and the di-
vergence of the Lamb vector are shown in Figure 5. It must
be highlighted that due to the limitations in the architecture
of Gemseo, the values of the integral of the Lamb vector
divergence were used in negative.
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Figure 5: Surrogate Model response surfaces.

From these results, several preliminary insights can be
drawn. Based on existing literature, one might initially
assume that a larger absolute value of the Lamb vector
divergence integral corresponds to more intense cavita-
tion. However, comparison of the response surfaces shows
that the maximum absolute value occurs at the lowest effi-
ciency, indicating an apparent contradiction between these
two objectives. To clarify this, the findings must be in-
terpreted in light of vortex dynamics theory. Cavitating
vortices can be viewed analogously to a magnetic field
with two main regions. The first is the vortex core, char-
acterized by strong rotation and, consequently, high (of-
ten positive) Lamb vector divergence values. The second
is the roll-up region, where induced velocities occur. If
these induced velocities become sufficiently large, cavita-
tion may develop, producing a slipstream-like distribution
of sinks with strongly negative Lamb vector divergence val-

ues. Mitigating vortex cavitation is therefore associated
with reducing this sink distribution and the corresponding
high induced velocities. As a result, when vortex cavita-
tion is reduced, the negative part of the Lamb vector diver-
gence within the acoustic region decreases. This reduction
in pronounced sinks leads to an increase in the integral of
the absolute value of the Lamb vector divergence. Put dif-
ferently, less cavitation is linked to a “cleaner” induced-
velocity field, with fewer extreme negative Lamb vector
divergence values, which in turn yields a higher overall
integral ∇ · L value. Focusing separately on each of the
response surfaces, it is evident that the global maximum of
efficiency occurs at a positive tip rake value, correspond-
ing to a tip deflection toward the pressure side. In contrast,
this region also exhibits overall reduced Lamb vector diver-
gence integral values, although with several local maxima
and minima. It should be noted, however, that the range
in which these local peaks appear is broader for acoustic
generation than for the hydrodynamic efficiency response
surface. When the full optimization loop was carried out,
the optimum was found at a tip rake value of tR = 0.048
and p = 0.48, indicating a smooth, approximately linear
increase. To first evaluate the accuracy of the surrogate pre-
dictions, they must be compared with the RANS medium
fidelity data, which is shown in Table 3.
Table 3: Predictions of hydrodynamic efficiency and Lamb
vector divergence integral over the acoustic domain for the
base design and Dual Annealing optimal design. Results ob-
tained by the low and medium fidelity methods (surrogate
model and RANS simulations respectively).

Method Dual Annealing Base Design
η0 ∇ · L η0 ∇ · L

Surrogate 0.5712 35980 0.5620 35800
RANS 0.5582 37724 0.5540 36835

From this table, it is evident that the surrogate predic-
tions closely follow the medium-fidelity trends, yielding
higher hydrodynamic efficiency and larger Lamb vector
divergence values for the optimal design. Moreover, the
maximum discrepancies between these predictions and the
medium-fidelity results were 4.62% for the Lamb vector di-
vergence and 2.33% for the hydrodynamic efficiency. Nev-
ertheless, generating the medium-fidelity data required 35
CPU hours per case, whereas the entire surrogate-assisted
loop took only 0.5 CPU hours, corresponding to a 98.57%
reduction in computational cost with deviations from CFD
predictions below 5%.

3.2 High-fidelity validation

Both the original design and the optimal geom-
etry provided by the optimizaiton loop under-
went a high-fidelity unsteady DDES characteriza-
tion at the operational conditions mentioned. First,
the flow-field results will be analyzed, starting by
the hydrodynamic performance results (Table 4).



Table 4: Hydrodynamic performance comparison between
the Dual Annealing optimal design and the original design.

Parameter Dual Annealing Original Design

KT 0.263 0.261
KQ 0.449 0.449
η0 0.558 0.555
∇ · L 37459 36733

These findings align with both the low- and medium-
fidelity simulations, demonstrating higher efficiency driven
by increased thrust, as well as larger absolute values
of the Lamb vector divergence for the optimal con-
figuration compared to the original baseline geome-
try. Following this initial overview, it is also neces-
sary to examine the formation of vapor volume cavi-
ties, along with the pressure and vorticity distributions
in the vicinity of the tip bending (Figures 6 to 10).

(a) Original Designs (b) Optimal Solution

Figure 6: Comparison of TVC volumes for original and opti-
mized designs Isosurfaces computed for αv = 0.1.
As can be seen, the vortex cavities at the blade tip are
greatly diminished. In the original baseline design, a strong
primary vortex develops along the blade span, whereas in
the optimal configuration only a weaker secondary vor-
tex is present. These initial observations can be exam-
ined in more detail by studying the pressure and vortic-
ity distributions in the 0.95R section (Figures 7 to 9).

(a) Original Designs (b) Optimal Solution

−3 · 104 1 · 104

Pa

Figure 7: Pressure distribution at section 0.95R. Compari-
son.

From these results, it can be seen that, consistent with the
conclusions drawn from the vapor formation analysis, the
original design exhibits a strong primary vortex originat-
ing at the leading edge of the tip. Subsequently, a sec-
ondary vortex develops, leading to a pronounced interac-
tion between the two vortical structures. Furthermore, the
optimal design displays a suppression limited to the pri-
mary vortex. Additionally, when comparing the Lamb vec-
tor divergence with the vorticity distribution, it becomes
evident that the Lamb vector divergence contributes to
confining the cavitating regions toward the vortex core.

(a) Vorticity Original (b) Vorticity Optimal

0 4 · 104
s−1

Figure 8: Comparison of vorticity generation between the
original design and the optimal solution at section 0.95R.

(a) Lamb Vector Original (b) Lamb Vector Optimal

−8.5 · 1010 8.5 · 1010
s−2

Figure 9: Comparison of Lamb vector divergence between the
original design and the optimal solution at section 0.95R.
From the flow field analysis, it can be underlined that, first,
the pressure-side tip rake modifies the local loading dis-
tribution near the blade tip, reducing the pressure gradi-
ent responsible for the formation of the primary tip vor-
tex. As a result, the vortex core exhibits lower circulation
and weaker cavitation inception, while the blade loading
over the remaining span remains nearly unchanged. Conse-
quently, the reduction in cavitation-related acoustic sources
is achieved without a significant penalty in thrust produc-
tion. Furthermore, the implemented framework is shown to
enable the derivation of an optimal geometry starting from
a conventional design that mitigates TVC, and therefore its
associated effects, without degrading hydrodynamic per-
formance. Finally, to strengthen these findings, it is neces-
sary to assess the acoustic results, separated into the anal-
ysis of the FW-H noise sources (Figures 10 to 11) and the
SPL spectra.
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Figure 10: FW-H distribution of the loading and thickness
noise source terms. Back-stream view of the FW-H perme-
able surface.



From the FW–H surface contributions, it is evident that
the loading-related term remains largely unchanged be-
tween the original and optimal configurations, indicat-
ing that the overall blade loading and thrust production
are only marginally affected by the tip-rake modifica-
tion. By contrast, the thickness contribution exhibits a
marked reduction in the optimal design. Within the present
cavitating-flow framework, this term represents the dom-
inant monopole source associated with the temporal vari-
ation of the vapor cavity volume enclosed by the perme-
able FW–H surface. Therefore, its reduction is consistent
with the attenuation of the tip-vortex cavitation structures
observed in Figure 6 and suggests that the decrease in ra-
diated noise is primarily driven by weaker cavity dynamics
rather than by changes in blade loading.

Considering the quadrupole volume contribution, the base-
line configuration displays a broad distribution of acous-
tic sources along the TVC slipstream, characterized by al-
ternating positive and negative lobes and residual reflec-
tion patterns. In contrast, the optimal configuration shows
a more localized quadrupole field, mainly associated with
the remaining secondary vortex, together with a substantial
reduction in the spatial extent of the source region. Al-
though the quadrupole contribution follows the same trend
as the monopole term, its magnitude remains secondary
compared with the thickness contribution, indicating that
the observed SPL reduction is predominantly linked to the
mitigation of cavitation-induced volume fluctuations.

(a) pQ - Original (b) pQ - Optimal

−3 · 107 3 · 107

kg ·m−3 · s−2

Figure 11: FW-H distribution of the Quadrupole Volume
Noise term at section 0.95R. Comparison between original
designs and optimal solutions.

Lastly, the reduction in sound generation achieved with
the optimal design must be quantified. This is accom-
plished by deriving the SPL spectra for both designs, as
illustrated in Figure 12. From this figure, the previously
presented findings are confirmed. The SPL spectra exhibit
a clear decrease in SPL levels over the entire frequency
range, particularly in the TVC hump region, where reduc-
tions of up to 20 dB are observed. Consequently, it can
be concluded that, for the geometry considered, the imple-
mented surrogate-assisted optimization loop successfully
produced a quieter propeller design without substantially
compromising hydrodynamic efficiency.
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Figure 12: Sound Pressure Level (SPL) Comparison

4 CONCLUSIONS

The present study demonstrates that the surrogate-assisted
optimization loop successfully yielded a propeller design
that is both quieter and hydrodynamically efficient, thereby
confirming the effectiveness of the proposed multi-fidelity
framework. The results further suggest that tip bendings
oriented toward the pressure side can provide a measur-
able hydroacoustic improvement, as evidenced by explicit
reductions in Sound Pressure Level (SPL) across the an-
alyzed frequency range. Despite these improvements, the
persistence of secondary vortical structures indicates that
additional investigation is required to better understand
their stability and associated acoustic implications. Fi-
nally, concerning the modeling strategy, the divergence of
the Lamb vector proved to be a reliable indicator of cavi-
tating flow behavior, showing strong consistency for both
dynamic meshing techniques and hydroacoustic analyses
based on steady simulations.
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