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ABSTRACT  

A systematic numerical investigation was conducted to 

evaluate the influence of duct-type pre-swirl device (PSD) 

geometry on propeller cavitation and harmonic hull 

pressure response under behind-ship conditions. A feeder 

size container vessel was analyzed at model scale using 

URANS-based CFD. Thirteen PSD geometries were 

examined relative to a non-ducted baseline and classified 

into four parent groups: conventional multi-fin designs, 

reduced-span fin configurations, single-fin removal 

concepts, and a fin-relocation arrangement. Within each 

group, pitch, camber, and angular position were varied to 

control blade loading redistribution. 

The simulations reproduced the full range of 

experimentally observed pressure pulse behaviors, 

including harmonic attenuation and amplification. In the 

traditional multi-fin group, improved circumferential blade 

loading balance—quantified through the port–starboard 

thrust ratio—correlates directly with reduction of the first-

order pressure pulse component. Higher-order harmonics 

show stronger sensitivity to cavitation instability and 

localized flow structures than to overall cavitation volume. 

The results demonstrate that duct geometry primarily 

redistributes harmonic energy rather than uniformly 

scaling pressure amplitudes, highlighting the importance of 

loading symmetry and cavitation stability in harmonic 

control. The study provides a structured basis for PSD 

optimization with respect to unsteady loading and vibration 

performance  
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1 INTRODUCTION 

Cavitation on marine propellers remains a critical 

hydrodynamic challenge, with significant implications for 

propulsive efficiency, structural vibration, material 

erosion, and underwater radiated noise. These adverse 

effects are closely linked to unsteady cavitation dynamics, 

which generate fluctuating pressures on the propeller 

blades and induce pressure pulses on the hull. Such 

phenomena are particularly pronounced in behind-hull 

conditions, where the propeller operates in a highly non-

uniform wake. In this region, local pressure minima and 

rapid variations in blade loading promote cavitation 

inception and unstable cavity development, often leading 

to sheet cavitation, tip-vortex cavitation, each associated 

with different pressure pulse signatures and structural 

impacts (Carlton 2012; Breslin & Andersen 1994). 

Pre-swirl devices (PSDs), including stators or fins installed 

upstream of the propeller, are widely applied in modern 

ship designs to recover rotational losses in the hull wake, 

improve propulsive efficiency, and reduce shaft power and 

fuel consumption. By inducing controlled swirl in the 

inflow, PSDs modify the velocity distribution and angle of 

attack at the propeller plane. While this can improve 

overall propulsive efficiency, the introduction of swirl and 

strong vortical structures can also significantly alter 

cavitation behaviour, including the spatial distribution, 

size, and dynamics of vapor cavities on the blades. 

Model-scale studies have demonstrated that PSD 

installation produces characteristic changes in hull 

pressure pulses, which can be broadly summarized as: 

reductions in overall pressure levels, decreases in higher-

order components, increases in first-order (fundamental) 

pressure pulses, or, under certain operating conditions, 

increases in both overall and higher-order pulse 

components. These observations highlight the complex and 

competing effects of PSDs, indicating that while energy 

efficiency gains are possible, careful design is required to 

avoid excessive cavitation or adverse unsteady loading on 

the hull. 

From a practical standpoint, PSD-induced cavitation and 

pressure pulses are of major interest to ship designers and 

operators. Elevated pressure pulses can contribute to 

vibration, underwater noise, and potential structural 

fatigue, and are often subject to regulatory or contractual 

limits (Carlton 2012). Understanding how PSD geometry 

and operating conditions influence these effects is 

therefore essential for optimizing both performance and 

reliability. 

The present work aims to systematically investigate the 

influence of PSD design on propeller cavitation and 

associated hull pressure pulses. By reproducing and 

analysing the characteristic changes observed in model 

tests, this study seeks to provide insight into the 

mechanisms through which PSDs modify cavitation 

dynamics, wake structures, and pressure fluctuations. The 

goal is to support the development of PSD designs that 



maximize energy-efficiency gains while controlling 

cavitation-induced vibration, noise, and structural loads 

2 METHODOLOGY 

2.1 Numerical Framework 

The hydrodynamic performance of the pre-swirl device 

(PSD)–propeller system and its influence on propeller 

cavitation were investigated using a Computational Fluid 

Dynamics (CFD) approach. All simulations were 

conducted using NUMECA Fine™/Marine (NUMECA 

2023), which solves the unsteady Reynolds-Averaged 

Navier–Stokes (URANS) equations within a finite-volume 

framework. The solver employs a cell-centered 

formulation with second-order spatial and temporal 

discretization to accurately capture unsteady flow 

phenomena associated with propeller rotation and 

cavitation inception. 

2.2 Geometry and Computational Domain 

The simulations were conducted under a double-body flow 

assumption with the propeller operating in behind-ship 

condition. All CFD simulations were performed at model 

scale, consistent with the available towing tank 

experimental conditions and corresponding Reynolds and 

cavitation numbers. The ship considered is a 2500 TEU 

container vessel, representative of a medium-sized single-

screw merchant ship.  

 

Figure 1: Hull views in profile (Top) and sectional views from 

fore (bottom left) and aft (bottom right) 

Figure 2: Right hand screw Propeller 

The rendered CAD models of ship and propeller used are 

shown in Figure 1 and 2 respectively. The principal 

particulars of the vessel and main propeller characteristics 

are summarized in Table 1 and Table 2, respectively. 

 

Parameter Value Unit 

Length between perpendicular 185.0 m 

Breadth 32.2 m 

Draft 9.5 m 

Depth 18.0 m 

Table 1: Ship Particulars 

Parameter Value Unit 

Number of Blades 5 -- 

Diameter 6.9 m 

Expanded Area Ratio (EAR) 0.6 -- 

Propeller Mean Pitch (P/D) 0.9 -- 

Skew 28.0 Degree 

Table 2: Propeller characteristics 

The computational model includes the ship hull, the pre-

swirl device installed upstream of the propeller plane, and 

the propeller, enabling consistent representation of hull–

PSD–propeller interaction effects. The propeller is a five-

bladed, right-hand, fixed-pitch propeller operating in the 

nominal wake field generated by the hull and modified by 

the PSD. 

The computational domain extends sufficiently upstream 

and downstream of the hull to avoid boundary-induced 

flow distortion at the propeller plane and in the propeller 

slipstream as illustrated in Figure 3. The free surface was 

neglected to be consistent with the double-body 

approximation. 

Figure 3: Computational domain dimensions 

The propeller was modeled using a rotating sub-domain 

embedded within the stationary hull and PSD domain. A 

sliding mesh technique was employed to resolve the 

unsteady interaction between the rotating propeller and the 

hull wake. This setup allows direct evaluation of the 

influence of the PSD on the nominal wake field, propeller 

inflow characteristics, and resulting cavitation behavior 

under realistic behind-ship operating conditions. 

 

2.3 Mesh Generation 

High-quality hybrid meshes were generated for all 

simulations, with structured hexahedral elements applied 



in the propeller blade boundary layer regions to ensure 

accurate resolution of near-wall flows. Local mesh 

refinement was applied (Figure 4) in regions of expected 

cavitation and high velocity gradients, particularly near the 

blade leading edge, tip, and trailing vortex regions. 

Additional refinement was applied in the vicinity of the 

pre-swirl device, including the device blades and 

downstream interaction region, to accurately resolve the 

strong velocity gradients and swirl-induced flow structures 

that influence the propeller inflow. 

 

Figure 4: Mesh refinement near aft 

The mesh resolution was selected based on prior 

experience with similar propeller cavitation simulations to 

ensure adequate resolution of boundary layers and 

cavitation structures while maintaining reasonable 

computational cost. 

2.4 Physical Models and Boundary Conditions 

Turbulence effects were modeled using the SST k–ω 

turbulence model (Menter 1994), which is commonly 

adopted for marine propeller flows involving adverse 

pressure gradients and flow separation. Cavitation was 

modeled using a homogeneous mixture approach (Singhal 

et al 2002) with a transport equation for vapor volume 

fraction, assuming thermodynamic equilibrium between 

liquid and vapor phases. 

To quantify cavitation extent, a vapor volume fraction 

threshold (α = 0.5) was applied, where regions with α ≥ 

0.5 were considered as fully cavitating. This allowed 

consistent evaluation of cavitation volume across all 

simulations. 

At the inlet, a uniform inflow velocity was prescribed. A 

static pressure condition consistent with the propeller 

operating depth was applied at the outlet. No-slip wall 

boundary conditions were imposed on all solid surfaces, 

including the hull, pre-swirl device, and propeller blades. 

It should be noted that the present study employs a URANS 

framework, which is well established for predicting mean 

propeller loading and dominant pressure pulse 

components. However, higher-order harmonic content 

associated with small-scale cavity shedding and localized 

vortical instabilities may not be fully resolved within a 

RANS-based approach. Consequently, while relative 

trends in higher-order harmonic variation are considered 

physically meaningful, their absolute amplitudes should be 

interpreted with appropriate caution. 

2.5 Simulation Strategy 

Unsteady simulations were performed to capture transient 

cavitation dynamics and blade load fluctuations. Each case 

was advanced over multiple propeller revolutions until 

periodic convergence of thrust and cavitation patterns was 

achieved. The time-step of 0.2 degree per step (Breslin & 

Andersen 1994) was selected to ensure adequate temporal 

resolution of blade passage and cavitation evolution. 

2.6 Evaluation Metrics 

The influence of the pre-swirl device on propeller 

cavitation and hydrodynamic performance was evaluated 

using the following metrics: 

• Cavitation volume, obtained by time integration of the 

vapor volume fraction within the propeller region 

using α ≥ 0.5. 

• Single-blade thrust history, extracted over multiple 

propeller revolutions to assess unsteady blade loading 

and blade-to-blade variability. 

• Pressure pulse levels, measured at an array of 

strategically distributed pickup points on the hull 

surface near the propeller plane, to quantify unsteady 

hydrodynamic loading induced by the propeller and 

modified by the PSD. 

Comparisons were performed between the baseline 

configuration (without PSD) and the PSD-equipped cases 

to isolate the effects of the pre-swirl device on nominal 

wake field modification, cavitation behavior, unsteady hull 

pressure, and propeller performance. 

3. VALIDATION AND VERIFICATION 

Validation and verification of the numerical setup were 

conducted to ensure that the CFD predictions accurately 

represent the physical behavior of the vessel–propeller 

system under service conditions. 

The simulations were performed for a vessel speed of 19 

knots, corresponding to the design service condition. The 

reported service speed of 19 knots corresponds to the full-

scale vessel operating condition, while the CFD 

simulations and model tests were conducted at the 

corresponding model-scale equivalent inflow velocity 

according to Froude scaling.  

The propeller rotational speed was initially set based on the 

model-scale test RPM, and the inflow velocity was 

adjusted to match the experimentally measured thrust 

coefficient (KT) at the service condition. For the bare-hull 

configuration, KT was matched to the corresponding bare-

hull experimental value, whereas for each PSD 

configuration, KT was matched to its respective model-

tested PSD (Figure 5) condition. The test conditions for 

model experiment are tabulated in Table 3. This ensured 

that all numerical cases reproduced the experimentally 

observed global propeller loading for the specific 

configuration under consideration, including a 15% sea 

margin, in accordance with standard design practice (ITTC 

2021). This approach ensures that the numerical loading on 

the propeller closely reflects realistic operational 



conditions while accounting for uncertainties in 

experimental measurements and scale effects. 

Figure 5: PSD design tested at model basin 

Operation Parameter BareHull Duct 

Ship Speed, (m/s) 5.96 6.09 

Shaft Speed, (Hz) 30.0 30.0 

Thrust Coefficient KT 0.186 0.195 

Cavitation Number,Sigma 0.237 0.243 

Table 3: Cavitation test condition in model scale 

Figure 6: Comparison of cavitation sheet between model test 

and CFD for the tested PSD 

 

 

Harmonics 

Model Test CFD PSD/Bare hull 

Bare 

hull 

PSD Bare 

hull 

PSD Model 

test 

CFD 

1st Order 3.00 2.75 3.05 2.86 0.92 0.94 

2nd Order 3.60 3.95 3.12 3.40 1.10 1.09 

3rd Order 1.50 1.75 1.06 1.06 1.17 1.00 

Table 4: Comparison of harmoincs 

The verification process included: 

• Propeller performance comparison: The numerical KT 

was compared with the corresponding model test data 

to confirm consistency in thrust and torque 

predictions. 

• Cavitation sheet (Figure 6) and pressure pulse 

harmonics comparison (Table 4) to validate the 

predictions of CFD compared to model test 

 

The relations between CFD and model tested harmonics 

shows good correlation in absolute values as well as in the 

associated ratio of reduction. This indicates that CFD can 

capture the influence of PSD induced cavitation variation 

and pressure pulses 

Through this process, the CFD setup was calibrated and 

verified against experimental results, providing confidence 

in subsequent parametric studies of pre-swirl devices and 

their effects on propeller cavitation and hull pressure 

pulses. 

4 CASE STUDY   

A collection of 10 model test datasets was analyzed, 

covering multiple vessel types and PSD designs. Analysis 

of these datasets revealed that all five characteristic 

pressure pulse scenarios identified in the Introduction—

namely, (i) overall reduction of pressure pulse levels, (ii) 

decrease in higher-order components, (iii) increase in first-

order pulses, (iv) increase in overall pulse levels, and (v) 

increase in higher-order components—were consistently 

observed across different hull forms, propeller types, and 

PSD configurations (Figure 7). 

These findings indicate that the influence of PSDs on hull 

pressure pulses is closely linked to propeller loading 

characteristics. PSD-induced modifications of the wake, 

swirl intensity, and inflow angle directly affect blade 

loading, which in turn governs the magnitude and 

frequency content of unsteady hull pressures. For instance, 

configurations that reduce higher-order pressure 

components generally correspond to more uniform inflow 

and weaker tip-vortex effects, whereas increases in first-

order pressure pulses are associated with stronger swirl 

Figure 7: Existing trends in Harmonics when PSD is applied 

While historically each of the five pressure pulse scenarios 

was observed on different vessels, with different propeller 

characteristics and PSD designs, the present study shows 

that all the observed trends can be reproduced on a single 

vessel by varying PSD design. To explore this, a container 

vessel has been selected as a representative case. By 

modifying PSD geometry in CFD simulations, the study 



aims to capture the full range of pressure pulse behaviours, 

linking changes in propeller loading to cavitation dynamics 

and unsteady hull pressures in a controlled numerical 

environment 

4.1 PSD Geometric definition and Design Parameters 

The duct-type pre-swirl device (PSD) geometries 

investigated in the present study were generated using a 

fully parametric modeling framework, enabling systematic 

variation of fin geometry and spatial arrangement while 

maintaining a consistent overall duct configuration. The 

PSD fins were parameterized using geometric descriptors 

analogous to those commonly applied in marine propeller 

blade design, including pitch, camber, chord length, rake, 

and skew. 

The radial length of each fin was defined to be equal to the 

propeller radius, thereby ensuring that the induced swirl 

distribution extended across the full effective propeller 

inflow region. Among the geometric parameters, fin pitch 

and camber were treated as the primary design variables. 

These parameters were adjusted to modify the 

hydrodynamic loading developed on the fins and 

consequently alter the swirl intensity and axial inflow 

redistribution at the propeller plane. In contrast, chord 

length, rake, and skew were maintained constant 

throughout all configurations in order to isolate the 

influence of loading-related geometric variation. 

The duct radius was defined as 0.6 times the fin length, 

establishing a consistent duct-to-fin proportion across all 

investigated designs. The axial chord length of the duct was 

selected such that the duct profile fully covered the fin 

section located at the 0.6 relative radial position, ensuring 

structural continuity and consistent interaction between the 

duct surface and the loaded fin region. Variations in the 

effective swept area of the fins were introduced through 

modification of the angular spatial distribution of the fin 

arrangement, including changes in fin positioning, span 

reduction, removal, and circumferential relocation 

depending on the design group considered. 

The axial position of the PSD was maintained constant for 

all cases. The duct generatrix was positioned at a distance 

of 0.3 propeller diameters upstream of the propeller plane, 

providing sufficient interaction length for swirl 

development prior to blade entry while remaining 

representative of practical duct-type PSD installations used 

in commercial ship applications. 

Using this parametric framework, thirteen PSD 

configurations were systematically developed and 

organized into four parent design groups according to their 

dominant geometric modification strategy. This approach 

enabled controlled investigation of the relationship 

between PSD geometry, inflow redistribution, cavitation 

behavior, and harmonic hull pressure response. 

 

4.2 CFD Analysis of Ducted Configurations and 

Harmonic Response 

Following the identification of the five characteristic 

pressure pulse scenarios from model-scale datasets, a 

systematic CFD-based investigation was conducted to 

further examine the influence of duct-type pre-swirl device 

(PSD) geometries on cavitation behavior and hull pressure 

pulses.  

Figure 8 : Major Group designs,  Group A (Top left) ,  

Group B (Top right) , Group C (Bottom left) , Group D 

(Bottom right) 

A total of thirteen ducted PSD designs were developed and 

evaluated numerically under identical operating conditions 

for the selected container vessel. The variations included 

modifications in duct channel, duct extend, profile camber, 

pitch angle, and angular variation, allowing controlled 

adjustment of induced swirl intensity and axial velocity 

redistribution at the propeller plane. A non-ducted baseline 

configuration was used as a reference for all comparisons.  

The thirteen ducted configurations were organized into 

four major parent design groups (Figure 8) to enable 

systematic assessment of geometric influence. 

Group A – Baseline Traditional Multi-Fin PSD (Designs 

1–5) represents the conventional multi-fin duct 

arrangement. Within this group, duct geometry, pitch, 

camber, and angular position were modified to investigate 

controlled increases or reductions in swirl intensity and 

blade loading. 

Group B – Reduced-Span Fin Configuration (Designs 6–8) 

includes geometries where one fin span was reduced. 

Additional adjustments in pitch, camber, and angular 

orientation were introduced to assess localized swirl 

weakening and its effect on loading redistribution. 

Group C – Single-Fin Removal Configuration (Designs 9–

11) consists of designs with one fin removed, creating 

circumferential inflow asymmetry. Pitch, camber, and 

angular modifications were applied to evaluate their 



influence on asymmetric blade loading and harmonic 

response. 

Group D (Designs 12-13) – Fin Relocation (Starboard 

Shift) Configuration involves repositioning one fin toward 

the starboard side to modify swirl distribution, with 

accompanying pitch, camber, and angular tuning to study 

loading balance and harmonic sensitivity. 

A comparative harmonic analysis was performed between 

the baseline (non-ducted) configuration and each ducted 

design. The first-, second-, and third-order harmonics were 

(Figure 9). 

Figure 9: Influence of PSD on pressure pulse harmonics 

The results revealed a clear relationship between duct 

geometry and harmonic response: 

• Only one (Design 6) out of the thirteen ducted designs 

exhibited simultaneous increase in both first- and second-

order harmonics relative to the baseline. 

• The remaining designs either reduced all harmonic 

components or showed selective amplification of one 

particular order. 

• The first-order harmonic generally remained close to 

baseline for most configurations, whereas the third-order 

harmonic exhibited the largest variability across designs, 

indicating strong sensitivity of high-frequency pressure 

content to geometric modification. 

Key observations include: 

• Design 6 demonstrated amplification across all three 

harmonic orders, indicating a global increase in unsteady 

blade loading and cavitation-induced pressure fluctuations. 

This configuration corresponds to strong swirl induction 

and increased inflow non-uniformity. 

• Design 3 showed drastic first-order reduction but 

pronounced amplification of higher-order harmonics, 

particularly in the third-order component, suggesting 

intensified localized cavitation dynamics and high-

frequency blade loading fluctuations. This behavior is 

indicative of unstable cavity shedding or strengthened tip-

vortex structures. 

• Designs 9 and 10 exhibited reductions in all harmonic 

orders, representing one of the most favorable 

configurations in terms of overall pressure pulse mitigation 

and improved inflow uniformity. 

• Design 8 showed consistent reduction specifically in 

higher-order harmonics while maintaining slightly higher 

first-order levels. This behavior suggests effective 

suppression of localized unsteady cavitation phenomena 

without significantly altering the fundamental blade 

loading pattern. 

The harmonic comparison indicates that duct geometry 

primarily redistributes energy among harmonic 

components rather than uniformly scaling overall pressure 

amplitudes. Designs inducing excessive swirl tend to 

increase first-order harmonics through enhanced mean 

blade loading variations, whereas configurations that 

trigger localized flow instabilities amplify higher-order 

components. Conversely, geometries that smoothen inflow 

gradients and stabilize cavity dynamics reduce higher-

order pressure fluctuations. Due to the limitations of 

URANS, it is to be noted that the higher order trends and 

cavity instability dynamics may not be well represented. 

When focusing specifically on the first-order pressure 

pulse component, a clear physical relationship emerges 

between circumferential blade loading balance and 

harmonic amplitude. The first-order harmonic, 

corresponding to the blade passage frequency, is 

predominantly governed by the variation in mean blade 

loading as each blade rotates through the non-uniform 

wake field. In conventional behind-hull operation, 

asymmetric wake distribution typically results in higher 

loading on one side (commonly the starboard side), 

producing a strong periodic loading fluctuation once per 

blade passage and thereby increasing the first-order 

pressure pulse. Figure 10 illustrates the single blade thrust 

history for all Group A designs along with barehull. 

Figure 10: Single blade thrust history of Group A designs  

In Group A configurations, analysis of the single-blade 

thrust history indicates that the PSD increases loading 

when the blade passes through the port side wake region, 

thereby reducing the loading disparity between port and 

starboard sectors. When the ratio of average blade thrust 

between port and starboard sectors is evaluated, 

configurations exhibiting ratios closer to unity consistently 

demonstrate lower first-order pressure pulse amplitudes as 

shown in Figure 11. This trend confirms that attenuation of 



the dominant harmonic component is primarily associated 

with improved circumferential loading symmetry rather 

than with changes in total thrust magnitude. In other words, 

the first-order pressure pulse reduction is directly linked to 

balanced blade loading over one propeller revolution. 

The thrust balance analysis was restricted to Group A 

configurations to isolate the influence of controlled swirl 

intensity and angular tuning on circumferential blade 

loading symmetry. Group A maintains a consistent multi-

fin topology without introducing structural asymmetry 

such as span reduction, fin removal, or relocation. In 

contrast, Groups B–D intentionally introduce geometric 

asymmetry or discontinuity, which alters the inflow 

topology beyond simple swirl redistribution. Restricting 

the analysis to Group A therefore enables clearer 

identification of the relationship between port–starboard 

loading balance and first-order harmonic amplitude. 

Figure 11: Thrust balance and associated 1st Order 

Harmonics relative amplitude 

Overall, the parametric CFD study demonstrates that 

ducted PSD geometry can reproduce the full spectrum of 

experimentally observed pressure pulse behaviors within a 

single vessel platform. Importantly, only a limited subset 

of geometries resulted in simultaneous amplification of 

primary harmonic components, while several designs—

particularly Designs 9 and 10—achieved partial or full 

harmonic attenuation, highlighting the potential for 

targeted PSD optimization. 

5. SUMMARY AND CONCLUSIONS 

A systematic CFD investigation was carried out to examine 

the influence of duct-type pre-swirl device (PSD) geometry 

on propeller cavitation and harmonic hull pressure 

response for a container vessel operating in behind-ship 

conditions. Thirteen PSD configurations were assessed 

relative to a non-ducted baseline and categorized into four 

parent design groups to enable structured evaluation of 

geometric variations, including modifications in fin span, 

removal, relocation, pitch, camber, and angular position. 

The numerical framework was validated against model-

scale measurements through thrust coefficient matching 

and harmonic comparison, demonstrating satisfactory 

agreement in both global loading and dominant pressure 

pulse components. This provided confidence in the use of 

the model for parametric harmonic assessment. 

The results confirm that PSD geometry primarily 

redistributes harmonic energy rather than uniformly 

increasing or decreasing overall pressure pulse amplitudes. 

Across the design space, only one configuration exhibited 

simultaneous amplification of the first- and second-order 

harmonics, while most designs either reduced all 

components or selectively amplified a single harmonic 

order. The third-order harmonic showed the greatest 

sensitivity to geometric modification, indicating strong 

dependence on localized cavitation dynamics and small-

scale flow structures. 

A key finding of the study is the clear correlation between 

circumferential blade loading balance and first-order 

pressure pulse amplitude within the traditional multi-fin 

group. Configurations that improved the port–starboard 

thrust ratio, bringing it closer to unity, consistently 

produced lower first-order harmonic levels. This 

demonstrates that mitigation of the dominant harmonic 

component is governed primarily by improved loading 

symmetry rather than by changes in overall thrust 

magnitude. 

Higher-order harmonics were found to be more sensitive to 

cavitation instability and localized inflow disturbances 

than to total cavitation volume. Designs promoting 

unstable cavity development or intensified vortical 

structures amplified high-frequency components, whereas 

geometries that smoothed inflow gradients and stabilized 

cavitation reduced these effects. 

It is acknowledged that higher-order harmonic components 

are more sensitive to localized cavitation instability and 

may be influenced by URANS modeling limitations; 

therefore, the reported trends should be interpreted 

primarily in a comparative rather than absolute sense. 

Overall, the study shows that the full spectrum of 

experimentally observed pressure pulse behaviors can be 

reproduced on a single vessel platform through controlled 

PSD geometric variation. The structured grouping 

approach provides a clear framework for harmonic-aware 

PSD optimization, enabling improved balance between 

propulsive efficiency, cavitation control, and vibration 

performance. 
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