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ABSTRACT  

Composite propellers are gaining interest due to their 

advantages over conventional propellers. One benefit is 

their flexibility, which enables passive blade adaptation. 

This may delay the onset of cavitation and minimize its 

formation in the wake peak. Outside the wake peak, the 

propeller pitch may increase, which may improve 

efficiency.  

To design composite propellers taking advantage of their 

flexibility, software is required to predict hydrodynamic 

and structural performance. ComPropApp is such a 

software. It couples a boundary-element method (BEM) to 

a finite element analysis (FEA) code. ComPropApp uses 

Procal as its BEM for hydrodynamic propeller analysis. 

Procal has been developed within MARIN’s Cooperative 

Research Ships (CRS) consortium. The subsequent FEA is 

performed by Trident, which provides blade deflections 

that are used by the automated propeller design suite 

PropArt, also developed within CRS, to update the 

propeller geometry. 

ComPropApp employs an iterative solution method based 

on the quasi-newton inverse least squares (QN-ILS) 

method to determine the resulting propeller shape and 

performance characteristics. It supports simulations in both 

uniform flow (open water) and in wake fields (in behind). 

Isotropic, orthotropic, and composite lay-up material 

properties can be modeled.  

The goal of this study is to establish a workflow for 

optimizing composite propellers. Therefore, the workflow 

is extended by giving PropArt a more central role. PropArt 

is now also used to perform propeller design optimization. 

The workflow not only evaluates the structural and 

hydrodynamic loads and blade deflections but also designs 

the optimal propeller for a specific condition. 

 

 

 

 

 

 

 

The optimization results in a Pareto front from which five 

candidate propeller designs were selected for detailed 

assessment. Based on structural safety criteria and the 

expected cavitation nuisance, the optimal propeller design 

was ultimately identified. Thus, it was shown that the 

developed design workflow can successfully be applied to 

the optimization of a composite marine propeller.  
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1 INTRODUCTION 

Composite materials are increasingly explored as a suitable 

material for marine propellers. Compared to traditional 

bronze propellers, composite materials have several 

advantages. One such advantage is the flexibility of the 

composite material. This flexibility leads to the possibility 

of passive blade adaptation enabling the blade pitch to 

decrease under increased hydrodynamic loading. This 

passive blade adaptation can delay cavitation inception and 

mitigate cavitation development in the wake peak, while 

the pitch outside the wake peak remains high, which 

enhances good overall propulsive efficiency (Taketani et 

al., 2013). 

Beyond hydrodynamic performance, composite propellers 

offer additional operational advantages. One advantage is 

the light weight of the propeller, which reduces inertial 

loads and makes it easier to install (Islam et al., 2022), 

(Koko et al., 2011). Another advantage is the high damping 

performance, which absorbs vibrations on the shafting and 

leads to reduced underwater radiated noise (Young et al., 

2016). In addition, composite materials have a reduced 

magnetic signature compared to conventional propellers 

(Maljaars, 2019), (Koko et al., 2011). 

 

 

 

 

 

 

 

 



Despite these advantages, the adoption of composite 

propellers in the maritime industry is still limited. There 

are several factors for this slow uptake. Firstly, advanced 

production techniques are needed to produce such 

propellers. This makes the cost of composite propellers 

higher in comparison to conventional ones. Secondly, ship 

owners are hesitant towards applying new technologies due 

to uncertainties in long-term performance, maintenance 

requirements, and hydrodynamic predictability. Thirdly, 

certification rules for composite propellers are still under 

development, and classification societies are working on 

refining guidelines for approving composite propellers. 

These factors impede the widespread application of these 

propellers, even though research shows promising results. 

In this light, the CRS project ‘CERTIFY’ was established 

with its main goal to design and certify an optimized 

composite propeller. In this paper the focus is on its design          

and a workflow is established for that purpose. In a related 

paper (Paboeuf et al., 2026), the certification process is 

discussed.  

This paper is structured as follows. First, the problem 

definition is stated. Thereafter, the method to design the 

composite propeller is discussed and the workflow is 

created. Next, the results from a propeller optimization 

study are discussed, and the most suitable propeller is 

chosen. Finally, results are discussed and recommend-

dations are made.   

2 PROBLEM DEFINITION 

The propeller considered is to be designed for a diving 

support vessel. The ship is to sail at a speed of 10.5 knots 

using a four bladed propeller with a diameter of 1.0 meters 

and a hub diameter of 0.179 meters. The required thrust is 

28.1 kN. The propeller is to be made of a composite 

material and should be optimized considering high 

propulsive efficiency, low cavitation nuisance, whilst 

exploiting its flexibility.  

3 METHOD 

To design an optimal flexible composite propeller, several 

computational tools are required. The following sections 

describe each such tool. The last section details how these 

tools work together. 

3.1 PropArt 

PropArt (Foeth & Bosschers, 2026) is a propeller 

optimization software developed by MARIN that generates 

propeller designs by balancing propeller efficiency against 

cavitation erosion risk and hull pressure fluctuations 

following an evaluation by Procal (see below). Constraints 

and objectives can be input to obtain a suitable propeller.  

3.2 Procal 

Procal (Vaz & Bosschers, 2006) is a BEM that computes 

the flow around propeller blades. It provides pressure 

distributions on the blade surfaces and takes cavitation into 

account for the varying deformed blade shapes occurring 

during a revolution.  

3.3 Trident/VAST 

Trident/VAST, a tool developed by LR-ATG (Jiang and 

Norwood 2006),  is a finite element method that performs 

structural analyses on the propeller. It calculates blade 

deformations, internal stresses and evaluates composite 

structural safety factors, such as the Hoffman criterion used 

in this paper. 

3.4 P4C 

P4C is a specific stand-alone PropArt workflow that 

creates the BEM’s panel mesh and uses the results from the 

FEA to create both deformed panel meshes (called PAN 

files here) and propeller geometries in a classical format 

(i.e., section-based, radial distributions of pitch, chord 

lengths etc., called PPG files here). 

3.5 ComPropApp 

ComPropApp connects Procal, Trident and P4C. It 

interprets the results from Procal, transfers them to Trident 

for structural evaluation, and subsequently to P4C for 

geometric modeling. ComPropApp then communicates the 

processed results back to PropArt.  

3.6 Workflow 

By combining these tools, the workflow of Figure 1 is 

created. The workflow is executed on a Linux cluster to 

enable parallel computations on multiple nodes.  

The process starts with PropArt generating an initial 

population of propeller designs. Each propeller design is 

evaluated by the ComPropApp. The results are returned to 

PropArt, which evaluates the designs and produces a new 

generation of propellers using an optimization algorithm, 

Figure 1: Workflow of designing and analyzing optimal 

composite propellers. 



e.g., the CMOPSO algorithm (Zhang et al., 2018) 

expanded by Debs’ pararameterless constraint handling 

algorithm (Deb, 2000), as described by Foeth (Foeth & 

Bosschers, 2026). The performance of the previous 

generation directs the next generation, supporting 

convergence towards optimal propeller designs.  

3.7 Input for workflow 

The design input parameters are given in Table 1. The ship 

wake is depicted in Figure 2. 

 

Table 1: Input parameters PropArt. 

In PropArt, the geometry of the propeller is typically 

described in the form of classical radial distributions of 

parameters using intuitive Bézier curves whereby the 

location of selected control points are optimization 

variables comparable to the workflows used for the design 

of the Wageningen F-series propellers (Huisman et al., 

2022).  

Another design variable to this optimization process is the 

global layup angle. The layup of the composite material has 

different strength properties in different directions. 

Therefore, the orientation of the layup on the propeller 

blade determines the strength and bending properties of the 

blade. In PropArt, the global layup angle is set as a 

variable. In this way, the optimal layup angle is found.   

In addition to these input parameters, several constraints 

are given to PropArt. These constraints are to ensure that 

the resulting propellers comply with certain class rules and 

cavitation criteria. The most prominent constraint is to 

ensure structural safety. It is enforced through the Hoffman 

criterion. The Hoffman criterion is a quadratic stress-based 

rule to predict failure in composite materials. It considers 

that composite materials have different strengths in tension 

and compression. In this study the Hoffman criterion has 

been used including a factor of 2.2 to consider fatigue, 

described in more detail in the paper of Paboeuf (Paboeuf 

et al., 2026). The Hoffman criterion should always be 

above one on the blade for it to be considered safe.  

For this study, PropArt works with two objectives: one 

aims at reducing the required power, the other at meeting a 

cavitation criterion. The latter is a combination of three 

criteria into a single value. The first component is a virtual 

vibratory excitation force, which is the amplitude of the 

vertical component of force acting on the hull surface that 

is determined from the pressure fluctuations from the BEM 

calculations integrated over the (local) hull surface. The 

hull is not present in these BEM calculations. Instead, only 

a predetermined solid-boundary factor is used, hence the 

term ‘virtual force’. The second component is the 

maximum cavitation volume. The third component follows 

from the ETV model by Bosschers (Bosschers, 2018). It is 

a measure of the expected broadband underwater-radiated 

noise due to cavitating blade tip vortices. In our experience, 

when correctly scaled, the combined criterion can be a 

robust alternative to specifying each criterion separately 

and increasing the number of optimization goals 

(preferably 2 or 3). There is no limit to the number of 

constraints or operational conditions for the propeller. The 

combined cavitation objective allows the optimizer to 

assess cavitation behavior in a consistent way and to 

balance it against efficiency when generating the Pareto 

front.  

Finally, regarding the FEA, two files are given as input. 

One file defines the structural meshing configuration for 

Trident/VAST. It specifies the number of radial and 

chordwise finite elements (i.e., solids) used in the mesh, as 

well as the exact radial and chordwise locations of the grid 

lines. Additionally, this file indicates whether an isotropic 

or a composite material is applied and whether a linear or 

non-linear element formulation is used. Trident/VAST 

automatically creates an FEA mesh from this input file 

based on the propeller geometry input file (PPG/PAN). 

Another file is used to define the composite material and 

layup properties. For each individual ply in the composite 

laminate, elastic properties, such as the Young’s moduli 

and Poisson’s ratios, are defined. In addition, the maximum 

allowable, tensile, compressive, and shear stresses are 

specified. These allowable stress limits are based on safety 

criteria prescribed by Bureau Veritas (Bureau Veritas, 

2023). In (Paboeuf et al., 2026) this is further elaborated.  

4 RESULTS 

Figure 3 displays the Pareto front obtained during the 

optimization study. On the x-axis, the power objective is 

plotted in kW. On the y-axis the cavitation objective is 

shown. Ideally, both objectives are minimized. In total, 14 

generations were produced, each containing 48 propeller 

designs. It took 5 days to perform this optimization on a 

cluster by using 2 nodes, each consisting of 24 CPUs. One 

CPU is used per propeller.  

Input parameter Value unit 

Propeller diameter 1 m 

Blade number 4 - 

Ship speed 10.5 kn 

Propeller rotation rate 605.8 rpm 

Shaft immersion 0.858 m 

Figure 2: Nominal wakefield starboard. 



The crosses and dots denote infeasible and feasible 

solutions, respectively, indicative of the optimizer mainly 

focusing on satisfying constraints in the early phases of the 

optimization and converging towards the Pareto front once 

its last generation is fully feasible. Note that these last 

generations are typically barely feasible with the Pareto-

front now only denoting the trade-off between the two 

goals, but are also the edge of the feasible design space; 

safety factors or off-design conditions are invariably 

required for a robust design.  

From this Pareto front, five propellers were selected for 

recalculation and detailed analysis as described below. 

Recalculation was required because not all optimization 

results were stored. Storing all results would require a large 

amount of cluster storage and would make the process 

inefficient. Therefore, only the results required to continue 

the optimization were saved. The recalculated propellers 

are highlighted in the Pareto front with a black square. For 

each design, power demand, efficiency, Hoffman safety 

criterion, blade deflection, and cavitation behavior were 

assessed.  

4.1 Minimum Hoffman criterion and max. deflection 

Figure 4 presents the minimum Hoffman criterion and 

maximum deflection during one blade revolution plotted 

for the five candidate propellers. The revolution is 

discretized into 20 time steps. Therefore, the x-axes show 

results at 20 corresponding solution times. 

The minimum Hoffman criterion at each time step is shown 

in blue on the left y-axes. This value represents the lowest 

Hoffman criterion observed anywhere on the propeller 

blade at that solution time. For all propellers, the minimum 

Hoffman criterion remains above one throughout the 

revolution, indicating that all blades satisfy the structural 

safety requirement. 

The maximum blade deflection, plotted in red on the right 

y-axes, corresponds to the highest deflection observed on 

the blade at each time instance. As expected, this maximum 

deflection typically occurs at the blade tip. 

Across all propellers, the relationship between the 

Hoffman criterion and the blade deflection is consistent. 

The minimum Hoffman criterion coincides with the time 

step at which the maximum deflection occurs. This 

behavior is expected, as greater deflection generally results 

in increased internal stress. For all propellers, the minimum 

deflection and corresponding maximum Hoffman criterion 

occur at solution time step 4, whereas the maximum 

deflection and minimum Hoffman criterion occur at time 

step 12. 

Overall, the magnitude of blade deflection is relatively 

small for all five propellers. The largest deflection is 

observed for Propeller 13, with a maximum value of 5.03 

mm. The variation in deflection over the full revolution is 

also limited, with a typical range of approximately 0.2 mm. 

Among all cases, Propeller 7 exhibits the highest minimum 

Hoffman criterion, with a value of 1.57. 

Propeller 5 

Propeller 13 

Propeller 7 Figure 3: Resulting Pareto front of optimization study. 



Propeller 31 

Propeller 14 

Figure 4: Minimum Hoffman criterion and maximum 

deflection during one blade revolution. 

4.2 Minimum Hoffman criterion at solution time 12 

Figure 5 shows the Hoffman criterion on the blade at 

solution time 12. In the same figure, the location of the 

minimum Hoffman criterion is plotted. The figure shows 

that the minimum is found at the middle of the blade for 

almost every propeller except for propeller 13. The 

distribution of the Hoffman criterion on the blade is 

largely consistent among the propellers. A low Hoffman 

criterion is found in the middle of the blade and on the 

leading edge. The highest Hoffman criterion is found at 

the tip of the blade. This trend aligns with expectations 

as the greatest blade deflection, and consequently the 

highest internal stress, typically arises at the middle of 

the blade rather than near the tip. 

Propeller 5 Propeller 13 

Propeller 7 Propeller 31 

Propeller 14  

Figure 5: Location of minimum Hoffman criterion on 

propeller blade at solution time 12. 

4.3 Overview of propeller characteristics 

In Table 2, the most important characteristics of the 

propellers are described. It clearly shows the trade-off 

between the efficiency and the cavitation objective. The 

highest efficiency is found for propeller 5 and 13. While 

the lowest cavitation objective is found for propeller 31. 

The highest minimum Hoffman criterion is found for 

propeller 7. 

 

 

4.4 Propeller geometries 

Figure 6 depicts the five selected propeller geometries. It 

shows that the blade area ratio of all propellers is similar. 

Figure 7 plots the blade profile at 0.7R, which  also shows 

large comparability. Propellers 5 and 14 exhibit a slightly 

increased thickness at this radial position. Figure 8 and 

Figure 9 plot the skew and camber distributions along the 

radius, respectively, and both indicate minimal variation 

between the propellers. Figure 10 plots the pitch 

distribution along the radius. It shows that most propellers 

look alike, only propeller 31 and 7 are different. Especially 

at the tip the pitch is low. This may explain the low 

cavitation objective value, since the tip is more unloaded 

than for other propellers.  

 

 

 

 

Properties P5 P13 P7 P31 P14 

Power [kW]  238.4 237.3 244 248 242 

Efficiency [-] 0.57 0.57 0.55 0.55 0.56 

Minimum 

Hoffman 

criterium [-] 

1.46 1.11 1.57 1.52 1.56 

Cavitation 

objective value 

[-] 

1.60 2.10 1.01 0.97 1.46 

Maximum 

deflection blade 

tip [mm] 

3.88 5.03 3.92 3.84 4.37 

Table 2: Overview of propeller characteristics 



Figure 9: Maximum camber distribution of the 

propellers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.6 Final decision on propeller choice 

The objective of CRS Certify is to design and manufacture 

a composite propeller that can be certified. With this goal 

in mind, a selection must be made from the five candidate 

propellers. In this context, the propeller with the highest 

minimum Hoffman criterion is the most favorable from a 

structural safety perspective. In addition, the propeller is 

designed for a naval vessel, which means that low 

cavitation levels are desired. For this reason, the cavitation 

objective is given greater weight than the propulsive 

efficiency. Based on these consideration, propeller 7 is 

identified as the most suitable design to be manufactured 

and certified (Paboeuf et al., 2026). 

5 DISCUSSION 

The results of this study show that the proposed workflow 

is capable of designing an optimized composite propeller. 

The workflow enables us to solve the fluid-structure 

interaction problem for propellers operating in a wake 

field. In addition, it is capable of updating propeller 

geometries and composite layup orientation, based on the 

outcomes of hydrodynamic and structural analyses. The 

workflow results in a Pareto front, from which suitable 

candidate propellers can be chosen.  

Still several areas of improvement exist. One improvement 

would be to decrease the computation time that is needed 

for the optimization process. At the moment, it takes 8 

hours to do the full analysis for one propeller. Therefore, 

Propeller 5

 

Propeller 13

 

Propeller 7 
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Propeller 14 

 

 

 

 

 

 

Figure 6: Overview of propeller geometries 

Figure 7:  Blade profile shape of the propellers at 0.7R. 

Figure 10: Pitch distribution of the propellers. 

Figure 8: Skew distribution of the propellers. 



after 5 days, only 14 generations of propellers could be 

analyzed. It is believed that the Pareto front would 

converge more if more generations had been analyzed.  

Given the small tip deflection, it is doubted that this 

optimal propeller shows significant passive blade 

adaptation and makes full use of the flexibility of the 

composite material it is made of. Relaxing the fatigue 

safety factor in the Hoffman criterion may allow for better 

designs to emerge from the optimization procedure.  

However, when the safety factor is lowered, additional 

fatigue measurements should be performed on the 

propeller to be certified.  

Also, a closer look to the geometric constraints for the 

propeller could be taken to be able to design a propeller 

that more fully utilizes the potential provided by composite 

materials. At the moment, the minimization of the 

cavitation objective is obtained mainly due to tip unloading 

by lowering the pitch at the blade tip rather than by blade 

deflection.  

However, it should be noted that as blade deformation 

increases, the computational methods may reach their 

limits. In particular, the BEM approach becomes less 

accurate, and the ETV model relies increasingly on 

extrapolation. 

In addition, it would be interesting to include in the 

optimization process the layup definition. Now, only the 

angle of the layup as a whole is optimized. It would be 

interesting to be able to change the angles of the separate 

layers in the composite material. Or maybe even define the 

number of layer or order of layers. In this way, next to 

finding the most optimal shape of the propeller, also the 

most optimal material could be found for the propeller.  

6 CONCLUSION 

This study shows the development and application of a 

workflow for designing and optimizing composite 

propellers. A workflow was created which generates 

optimal propeller geometries and performs hydrodynamic 

and structural analyses. Based on those results, propeller 

geometries and composite layup orientations are updated 

using the CMOPSO algorithm. Finally, a Pareto front is 

established from which several candidate propellers are 

chosen to be further analyzed. Based on structural safety 

and cavitation performance criteria, a propeller was 

selected as the most suitable design for production and 

certification. 

Unfortunately, with the current Hoffman criterion, no 

propeller was found that really uses the flexibility of a 

composite propeller. It is believed that this is caused by the 

stringent Hoffman safety factors that were used in the study 

to consider fatigue limits. 

Future work will focus on reducing computation times and 

improving the exploitation of flexibility of composite 

materials.  
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