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ABSTRACT  

The design of marine propellers requires balancing often 

competing objectives, such as hydrodynamic efficiency, 

acoustic and vibratory performance, and structural 

strength. For naval applications, reducing Underwater 

Radiated Noise (URN) is particularly critical. Propeller 

blade development is a complex and time-consuming 

process, as each design iteration demands extensive 

analysis; even for experienced designers, a full manual 

exploration of the design space can take several weeks. 

Therefore, automated optimization techniques are essential 

to achieve improved designs while reducing development 

time and computational effort. In this study, a naval 

propeller is designed using a simulation-driven 

optimization framework that combines simplified 

Reynolds-Averaged Navier–Stokes Equation (RANSE) 

analyses with synthetic wake fields generated through 

body force distributions, implemented in Simcenter STAR-

CCM+. Key geometric parameters, including diameter, 

blade number, and the radial distributions of pitch, chord, 

and camber, are parameterized in the Rhinoceros–

Grasshopper environment. A genetic algorithm, 

implemented via the open-source DAKOTA platform, 

guides the search toward Pareto-optimal solutions by 

maximizing propulsive efficiency and minimizing 

cavitation inception under structural and operability 

constraints. The optimized propeller is then assessed 

through detailed unsteady RANSE simulations and a low-

fidelity BEM-based approach to evaluate performance and 

URN.  
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1 INTRODUCTION 

Designing modern ship propellers involves addressing a 

broad range of requirements, including high efficiency, 

low underwater noise, restrictions on vibration-induced 

structural loads and structural integrity. In addition, 

controllable pitch propellers (CPP) require a sufficient 

geometrical margin for blade rotation to avoid interference 

when the pitch is adjusted. Over time, this has made the 

development of suitable blade geometries increasingly 

challenging for designers, especially for navy propellers 

where the optimum solution is a tradeoff between 

propulsive and acoustic performance in particular during 

silent operations. Traditional design methodologies are 

based upon lifting line/surface theories where the blade 

geometry is selected according to the required thrust, 

propeller rpm, cavitation number, wake field and material 

properties (Lerbs 1952), (Kerwin & Leopold 1963), 

(Kerwin & Lee 1978). In recent years, development in high 

performance computing and Computational Fluid 

Dynamics (CFD) allowed the application of System Based 

Design Optimization (SBDO) techniques: numerical 

simulations are iteratively coupled with optimization 

algorithms to automatically modify propeller geometry to 

maximize performance objectives under defined 

constraints especially for innovative configurations. As 

CFD solvers, both low fidelity (Boundary Element 

Method) (Vaz & Bosschers 2006), (Foeth 2015), 

(Valdenazzi et al. 2019) and high fidelity (RANS) methods 

can be applied leading to different computational effort and 

level of accuracy even for multi-component (Gaggero et al. 

2024) and unconventional propulsors (Vidal et al. 2019). 

Although potential flow-based methods are sufficiently 

accurate for the estimation of propeller efficiency and sheet 

cavitation, viscous numerical tools are being developing 

when viscous-related phenomenon is concerned as tip 

vortex cavitation; this is often regarded as the first to 

appear in navy propellers when increasing ship speed 

therefore limiting the silent operation range.   Design space 

dimensionality reduction approaches can be pursued to 

limit the number of design variables, reducing the 

computational effort while preserving the geometric 

variance of the original space (Gaggero et al. 2020). With 

the same objective, a combination of low and high-fidelity 

numerical solver may be applied combining trends 

obtained from numerous BEM simulations and enhancing 

them using the accuracy of a limited number of CFD 

calculations that correct the low-fidelity results (Gaggero 

et al. 2021).  

2 DESIGN CASE: NAVY PROPELLER 

The optimization test case identified for this paper is a 

twin-screw navy vessel whose main particulars are 

described in the following Figure 1 and Table 1. 



The hull surface includes a couple of stabilizer fins, shaft 

lines, twin rudders, bilge keels and V-brackets. 

Table 1: main particulars of the test case vessel 

Length waterline [m] 104.61 

Breadth waterline [m] 14.22 

Design Draft [m] 4.10 

Displacement [t] 3560 

Design speed [kts] 25 

The original propeller is illustrated in Figure 2: main 

geometrical details are described in Table 2. 

Table 2: main particulars of the test case propeller 

Diameter [m] 3.95 

Number of blades [-] 5 

Pitch/Diameter(r/R=0.7) [-] 1.25 

Area ratio [-] 0.73 

Direction of rotation [-] Inward from the top 

3 PRELIMINARY ANALYSIS 

In order to define the input data for the propeller 

optimization, a preliminary URANS simulation in 

cavitating condition is performed with the original 

propeller in behind condition at the design speed. The free 

surface is not included in the numerical model. The blade 

geometry excludes manufacturing details such as root 

fillets or leading/trailing edge radii. These geometric 

simplifications, which are expected to have only a minor 

impact on performance, are useful for reducing model 

complexity in the context of the optimization study. The 

outcome of this numerical simulation is the propeller 

delivered thrust (input for the following blade 

optimization) and the cavitation pattern (Figure 3) for the 

original geometry. In addition, a steady RANS 

computation of the flow field around the hull without the 

propeller is performed to characterize the nominal wake at 

the propeller disc (Figure 4) to be used as input for the 

synthetic wake procedure described in the following of the 

paper. The foregoing data, together with the propeller 

revolutions, are described in the following Table 3. 

Table 3: input data for propeller optimization  

Delivered thrust [kN] 513 

Delivered power [MW] 8.29 

Propeller revolutions [RPM] 205 

Nominal wake [-] 0.992 

Figure 1: 3D CAD of the test case hull

Figure 4: axial (left) and tangential (right) nominal wake 

Figure 3: cavitation pattern for the original propeller 

(suction side)

Figure 2: original propeller 



4 PROPELLER OPTIMIZATION 

The optimization is based on a genetic algorithm 

implemented in Dakota to identify the Pareto front, using 

RANS simulations developed with STAR-CCM+. Each 

numerical simulation corresponds to a different propeller 

geometry generated by a blade parameterization tool 

defined in Rhinoceros-Grasshopper. The process can be 

divided into the following steps (Figure 5): 

� Blade parametrization 

� Numerical model 

� Input parameters and Design of Experiments 

� Objective and constraint functions 

� Optimization algorithm and Pareto front 

4.1 Geometry parametrization of the blade 

Propeller parameterization is developed in the Rhinoceros-

Grasshopper environment where the blade geometries are 

generated based on the characteristic parameters from the 

design table such as pitch, chord, thickness, camber, rake 

and skew defined as distributions depending on the radial 

position. To parametrically manage the propeller 

geometry, the variables in the propeller design table are 

represented using B-Spline curves (Figure 6) with the 

control points location (in terms of horizontal and vertical 

positions) are used as input variables for the optimization 

process. By adjusting the control points, it is possible to 

modify the distribution of each variable and consequently 

generate a new blade geometry. This approach allows for 

the creation of a C2-continuous curve while keeping the 

number of parameters low. The B-Spline curves used are 

two-dimensional: the horizontal axis corresponds to the 

variable from the design table, while the vertical axis 

represents the radial distribution. 

For the present optimization study, only four variables 

from the propeller design table have been modified to 

generate the blade variants: pitch, chord length, thickness 

and camber distribution for a total of 25 parameters. The 

remaining parameters such as rake, skew and airfoil 

profile, are unchanged and equal to those of baseline 

geometry. This allows us to keep the number of input 

parameters relatively low, while focusing on those 

considered most relevant with respect to the optimization 

process and the selected objective functions. In particular, 

the skew distribution is retained equal to the baseline 

propeller because it had already been optimized based on 

an analysis of the harmonic components of the wake and is 

therefore considered optimal for the current configuration. 

The propeller parametrization tool includes several 

features to evaluate the blade’s geometric and structural 

characteristics. Using the CAD environment and the 

Grasshopper parametric language, dedicated modules are 

developed to perform blade–blade interference checks, 

blade–hub interference checks, and structural verification 

in compliance with Classification Society rules. A 

controllable pitch propeller requires verification that no 

blade interference occurs during pitch rotation. This is 

ensured by maintaining a minimum clearance between the 

leading edge of one blade and the trailing edge of the 

adjacent blade. To this end, a dedicated module was 

implemented in the parametrization tool to compute the 

minimum LE–TE distance over a range of pitch angles 

(Figure 7), from the design position down to −50° relative 

to the zero-pitch condition. For each geometry generated 

during optimization, the minimum clearance across all 

evaluated positions is compared with a reference threshold 

to ensure compliance.  

For the blade–hub interference analysis, the hub surface 

and the surface of revolution generated by rotating the 

blade leading edge were considered. This surface is 

obtained by rotating the blade from the design position to 

a 90° pitch angle. For each geometry generated during 

optimization, the minimum distance between the two 

surfaces is computed and compared with a predefined 

Figure 5: optimization loop diagram

Figure 6: control points and pitch distribution

Figure 7: blade interference check



reference threshold. In addition, a dedicated module is 

implemented in the parametrization tool to apply the 

parametric formulas prescribed by the relevant 

Classification Society. In this study, the RINA MIL Rules 

(RINA 2011) are adopted as reference. Finally, a dedicated 

section is added to the propeller geometry parametrization 

tool to generate a shell-type mesh for FEM analysis. Based 

on the mean surface of the blade, a flat mesh composed of 

quadrilateral elements is created. A thickness value is 

assigned to each element in the normal direction, 

effectively projecting the cell onto the blade surface. The 

centroid position of each cell is then used and imported into 

the CFD volume mesh to extract the hydrodynamic loads 

acting on the propeller. This approach ensures the 

possibility to generate a numerical grid suitable for a FEM 

computation that is easily imported into a CFD model and 

with a high level of flexibility for modifications.  

4.2 Numerical models for the blade variants analysis 

The numerical models used during the optimization 

include steady RANS simulations (STAR-CCM+ v. 

18.06.007) in non-cavitating condition with artificial wake 

for the hydrodynamic characterization of the blade, both in 

terms of performance and cavitation, and FEM analyses to 

evaluate the maximum stress on the blade and the 

centrifugal spindle torque (the torque around the pitch-

changing axis). Taking advantage of the axial symmetry of 

the propeller, a simplified CFD blade passage model is 

applied simulating only a single blade while accounting for 

the presence and effect of the other blades by applying 

periodic boundary conditions at the domain interfaces. A 

representation of the computational domain and the applied 

boundary conditions is shown in Figure 8. Two different 

stationary regions are created: one in front of the propeller 

and another one including the blade where a moving 

reference frame model is applied to solve the flow field. A 

mixing plane interface is located between the two to further 

average and transfers the conserved flow quantities. 

This simplified numerical approach requires an equivalent 

circumferentially averaged wake (axial and tangential 

components) derived by the previous simulations of the 

flow field around the hull without the propellers. Instead of 

imposing a velocity boundary condition at the inlet of the 

domain, an artificial wake approach (Gaggero et al. 2024) 

is pursued where a distribution of body forces is located 

upstream of the propeller whose intensity is calibrated 

following an iterative procedure (Baltazar et al. 2019). The 

original (target) axial and tangential wake and the 

computed (through body forces) ones are illustrated in the 

following Figure 9 and Figure 10 respectively. 

Figure 9: target (left) and computed (right) axial wake 

Figure 10: target (left) and computed (right) tangential wake 

An excellent agreement is observed for the axial 

component whereas limited discrepancies are noticeable 

for the tangential one especially at the inner radial 

positions. The aforementioned wake averaging approach 

over the entire disc is accurate enough for evaluating the 

propeller efficiency but does not account for the local 

variation of the ship wake. Therefore, the assessment of the 

cavitation pattern is made considering a body force 

distribution that reproduces the circumferentially averaged 

wake within a specified circular sector spanning ±40° 

around a specified blade position (115°). The latter is 

identified considering the preliminary calculations 

performed for the original propeller and defined as the 

most representative for laminar and root cavitation on the 

suction side. The hydrodynamic parameters evaluated 

through the different wake regions are summarized in the 

following Table 4.  

Table 4: parameters for the blade passage model 

Full disc 
Circular sector 

around 115° 

Thrust LE cavitation area 

Torque Root cavitation area 

Efficiency Tip vortex pressure 

Loads for FEM 

analysis 

Cavitation margin on 

pressure/suction side 

Mesh used to discretize the computational domain is a 

polyhedral type, with cylindrical control volumes placed 

around the propeller to better capture the flow evolution. 

Additionally, refined regions are defined around the blade 

profile and in the area where the tip vortex is expected to 

Figure 8: computational domain and boundary conditions



develop, using the control volumes previously defined in 

the parametrization tool (Figure 11). To resolve the 

frictional component, wall functions were employed, with 

a target Y+ value around 150: a k-��SST (Menter) 

turbulence model is applied. With this setup, each propeller 

sample analyzed during the optimization is discretized 

using a mesh of approximately 1 M cells. This blade 

passage approach is validated comparing its prediction for 

the original propeller with the preliminary URANS 

calculations in terms of propeller thrust/torque coefficients, 

efficiency (Table 5) and cavitation pattern (Figure 12). 

Since the simplified model does not include any cavitation 

model, the cavitating areas are defined as locations where 

the pressure falls below the vapor pressure (1671 Pa).  

Table 5: differences between blade passage model and 

URANS computation 

KT [%] -0.5 

KQ [%] -1.5 

Efficiency [%] +1 

The simplified blade passage formulation is in excellent 

agreement with the more accurate URANS approach both 

in terms of propeller performance and cavitation pattern. 

The original blade shows a limited leading edge and root 

cavitation together with a tip vortex phenomenon. The 

simplified CFD model requires 3 minutes on 512 CPUs 

whereas the full URANS computation takes several hours 

on the same platform. The FEM analyses are performed 

using the commercial software MSC Nastran, based on a 

shell mesh composed of quadrilateral elements 

automatically generated by the propeller parametrization 

tool as described above. The hydrodynamic loads derived 

through the full disc blade passage computation, together 

with the mesh, are imported into the FEM solver, which 

considers both the hydrodynamic loads and the centrifugal 

force in a quasi-static analysis. At the root nodes, an MPC-

RBE2 constraint is applied, restraining all six degrees of 

freedom. Outputs of this analysis are the total spindle 

torque (including both inertial and hydrodynamic 

components) and the maximum equivalent Von Mises 

stress (Figure 13). The first is used as a constraint in the 

optimization, while the maximum stresses are monitored to 

assess their potential use as direct evaluation criteria, 

replacing the parametric formulations suggested by the 

Classification Society. 

4.3 The optimization algorithm 

The objective functions and constraints define the targets 

that guide the evolution of the genetic algorithm and, 

consequently, the generation of populations and samples. 

The first are as follows (Figure 14): 

� Maximize propeller efficiency �o(X) 

� Minimize root cavitation area ACAV-R(X) 

� Minimize suction side LE cavitation area ACAV-

LE(X) 

� Maximize tip vortex pressure pTV-MIN(X) 

� Maximize pressure at LE on pressure side pLE-

P(X) 

� Maximize pressure at mid chord on blade root at 

suction side pM-S(X)  

Among these objectives, the most relevant is the tip vortex 

intensity with the aim of increasing the inception ship 

speed and, as a consequence, the silent operation range of 

the vessel. 

Figure 12: blade passage model (left) and URANS 

(right) cavitation pattern on suction side 

Figure 11: volume mesh for the blade passage model

Figure 13: equivalent Von Mises stress 

Figure 14: objective functions



pTV-MIN is considered as a measure of the cavitating tip 

vortex intensity. To avoid relying on a single possibly 

erroneous numerical or mesh-related low value, its mean 

value within the cavitating region or around the blade tip is 

selected as objective function.  

The optimization constraints are the following: 

� Propeller thrust between ±3% of the target value 

� No blades/blades and blades/hub interference 

� Spindle torque between zero and limit value 

� Structural compliance with RINA MIL Rules 

The present study applies the John Eddy’s Genetic 

Algorithm (JEGA) v2.7.0, implemented within DAKOTA. 

The settings for various parameters such as crossover and 

mutation follow the recommendations provided in the 

software manual. The initial population counts 400 

samples and is generated using a Sobol distribution; to 

limit the computational effort and allow the industrial 

application of the procedure, a limited number of 2000 

samples (7 generations) are analysed for an overall 

optimization time of 7 days on 512 CPUs. 

5 RESULTS AND ANALYSIS 

Optimization history in terms of propeller thrust and 

spindle torque are illustrated in Figure 15 and Figure 16 

where the green lines describe the upper and lower limits. 

From these figures, it can be observed that the constraints 

guide the optimization in the correct direction, although the 

number of samples analyzed may be insufficient. Indeed, 

only the samples from the final generation fall within the 

range that satisfies the required checks. Due to the limited 

number of samples that satisfy all constraints, it is not 

possible to identify a single optimal solution that balances 

the different objective functions namely, minimizing root 

cavitation, maintaining efficiency, and maximizing the 

minimum pressure of the tip vortex, which are the primary 

design goals.  

Therefore, two representative samples were selected that 

individually optimize different objectives:  

� Sample ID 2211 optimizes the root cavitation area 

with a decrease in tip vortex pressure 

� Sample ID 1102 optimizes the minimum pressure 

of the tip-vortex with no cavitation at the tip  

A partial Pareto frontier drawn for pTV-MIN and propeller 

efficiency is described in Figure 17. Red dots indicate 

solutions that meet the thrust requirement, while blue ones 

do not. Additionally, the size of each dot represents the 

extent of the cavitation area on the whole blade surface 

(ACAV-R+ ACAV-LE). Both the optimized geometries 

experience a penalty in efficiency. Table 6 reports the 

percentage variations of the optimized propeller compared 

to the baseline design. 

Table 6: variation of objective compared to original 

propeller 

PROPELLER ID 2211 1102 

Tip vortex pressure [%] -30 Non cavitating 

�O [%] -1.5 -2.7 

ACAV-LE [%] +790 +989 

ACAV-R [%] -89 +330 

pLE-P +50 +16 

A comparison of the cavitation pattern on suction side 

evaluated through the blade passage model (circular sector) 

for the original and optimized propellers is depicted in 

Figure 18. The samples identified by the optimization 

effectively optimize the two goals separately. Specifically, 

Sample ID 2211 reduces the cavitation area at the root by 

about 89%, while Sample ID 1102 eliminates the tip 

vortex. However, both samples show a significant increase 

in cavitation area at the leading edge and experience an 

efficiency loss of approximately 1-3%. 

Figure 15: propeller thrust for the optimization history

Figure 16: spindle torque for the optimization history

Figure 17: Pareto frontier for pTV-MIN and �O



Currently, the number of samples and population size are 

too small to identify a single optimum that balances all 

objectives simultaneously. Nevertheless, the direction of 

the optimization is correct, and with more computational 

time, it is likely that such an optimal geometry could be 

found. Considering the initial population of 400 samples 

and a relatively short computation time of one week, a fully 

converged Pareto front is difficult to achieve. 

Figure 18: cavitation patterns on suction side 

When comparing the tip vortex flow in terms of pressure 

and Q-criterion for the original and ID 1102 propeller 

(Figure 19), it is clearly evident that the optimized 

geometry reduces the intensity of the tip vortex and 

increases its pressure level.  

Figure 19: tip vortex pressure and Q-criterion 

The two representative samples (ID 2211 and 1102) and 

the original propeller geometries have been analysed 

through a low-fidelity BEM-based approach to evaluate the 

URN and cavitation inception. The low-fidelity approach 

is based on the use of potential-flow formulations and 

semi-empirical models and integrates a suite of software 

tools developed within the Cooperative Research Ships 

(CRS, www.crships.org) framework, of which CETENA is 

a member. The computational workflow begins with the 

evaluation of the propeller inflow, accounting for hull 

effects, which is obtained through CFD simulations as 

described in 3. Once the inflow field is available (Figure 

4), the hydrodynamic and hydro-acoustic performance of 

the propeller is assessed by means of a series of 

calculations carried out using the CRS codes PROCAL 

(Bosschers et al., 2008) and ETV (Bosschers, 2017; 2018). 

PROCAL is a well-established and extensively validated 

hydrodynamic Boundary Element Method (BEM) code for 

predicting propeller performance, applicable to open 

propellers, ducted propellers, and podded propulsion 

systems. The ETV model is a semi-empirical formulation 

designed to predict the maximum amplitude of broadband 

pressure fluctuations induced on the hull by the tip vortex, 

as well as the corresponding frequency at which this 

maximum occurs. Based on these predictions, the 

associated far-field noise spectrum due to the tip vortex is 

subsequently determined. The semi-empirical coefficients 

employed in the ETV model are derived from regressions 

of experimental data; CETENA has developed its own set 

of coefficients through validation against in-house 

datasets, primarily related to naval vessels. The numerical 

computations done through PROCAL include a broad ship 

speed range from the low-speed condition (silent mode 

with propeller free of cavitation) up to the propeller design 

condition, allowing the identification of the cavitation 

inception, and then the condition where the radiated noise 

is affected by cavitation phenomena. Once the BEM 

simulations were completed, the ETV predictions of 

underwater radiated noise were generated using the results 

derived from the PROCAL calculations. In Figure 21 a 

comparison of the source levels for the original propeller 

and the two optimized geometries at the ship design speed 

is given. ID 1102 shows a significant reduction in URN (up 

to 6 dB) over the whole frequency range whereas ID 2211 

exhibits an increase of the source levels as expected. 

Cavitation inception at different non dimensional ship 

speed is depicted in the following Figure 20.  

Propeller ID 1102 shows a significant increase in inception 

speed of about 5 kts, whereas ID 2211 performs slightly 

        Original              ID 2211          ID 1102 

           Original                            ID 1102 

Figure 20: cavitation inception

Figure 21: source levels through ETV-PROCAL



better than the original geometry with an increase of less 

than 1 kts. 

6 CONCLUSIONS 

The optimization process proposed in this work has proven 

to be reliable and capable of identifying optimal solutions 

that either minimize root cavitation or eliminate the tip 

vortex within acceptable computational times, consistent 

with industrial timelines. This efficiency is achieved 

thanks to the approximate model based on the MRF 

method and an artificial wake averaged circumferentially 

around the disk. In fact, the approximate model has 

demonstrated high reliability and fast evaluation of 

propeller performance, with verification against full RANS 

simulations showing differences around 1%. The 

optimization process is capable of fully parameterizing the 

propeller blade and allows for the easy implementation of 

new features, both in terms of geometric constraints and 

external models, such as CFD or FEM. Furthermore, the 

integrated structural analysis based on equivalent Von 

Mises stress demonstrated compliance with the 

Classification Society requirements. This suggests that, in 

future work, a direct structural computation could be 

integrated not only to verify stress, but also to evaluate 

other quantities such as displacements and deformations. 

Additionally, this approach could be extended to 

unconventional propulsors, which may not be adequately 

covered by the simplified formulations of current 

Classification Society standards. For the proposed 

optimization test case, different geometries are identified 

that independently optimize individual objectives such as 

root cavitation and tip vortex cavitation, but no single 

design is found that successfully balances both. Analyzing 

the trends in the optimization history of the different 

objective functions suggests that a good compromise 

solution may exist, but more time is needed to reach it, 

depending on whether industrial constraints allow for 

extended computation time. When considering the 

performances in terms of URN, low fidelity analysis of the 

optimized geometries confirms the outcome of the 

hydrodynamic evaluation: a significant reduction in 

emitted noise level and increase of cavitation inception 

ship speed is observed for the propeller optimized for tip 

speed. On the other hand, the geometry identified to 

suppress root cavitation exhibits an increase in URN but a 

favorable performance in terms of cavitation inception. 
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