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ABSTRACT  

The topic of this study is the numerical investigation of 

hydro-elastic effects on a composite marine propeller that 

accounts for the lamination of fiber material. For the 

propeller blade, BEM/FEM-based steady and unsteady 

transient two-way iterative coupling fluid-structure 

interaction (FSI) analyses are conducted. The steady and 

transient FSI analysis methodologies are verified by 

comparison with published model tests from the authors’ 

previous study. A simple stack finite-element (FE) model 

that considers the effect of ply lamination and reduces the 

computation and modeling time is devised to be used in the 

design of the propeller. To evaluate the applicability of the 

model, the tapered composite material beam in the simple 

FE model is compared with the actual layered structure that 

reflects a real FE model. The usability of reverse 

engineering with steady analysis and the possibility of 

performance optimization at off-design conditions is 

confirmed by applying the simple ply stack model to the 

well-known KP458 benchmark propeller. 
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1 INTRODUCTION 

Unlike single-material metal, composite materials have 

been widely used due to their superior properties, such as 

their light weight, high degree of stiffness and sound 

absorption. Despite the high costs, the excellent 

manufacturing and maintenance ability of an additive 

production process increases the use of composite materials 

in many industrial areas, including aviation, 

environment/energy, information, electricity, automobile 

and household supplies. In addition to these advantages, the 

application of composite materials in marine propellers 

could also offer many potential benefits: lighter weight, 

lower noise level, better maintainability, etc. In particular, 

the characteristics of the material, such as flexibility and 

deformability, is better considered at the design stage. It is 

possible for the composite propeller to reduce fuel oil 

consumption in its operating profile against NAB (Nickel-

Aluminum-Bronze alloy) metallic propellers which do not 

change their shape. 

To predict the propulsion performance and structural safety 

accurately, various studies have been conducted to analyze 

composite marine propellers. Lin and Lin (1996) simulated 

the elastic behavior of marine propellers with a VLM–FEM 

FSI analysis. Chen et al. (2006) and Young (2007, 2008) 

studied steady and unsteady hydro-elastic behavior of a 

composite propeller with an FSI analysis and model tests. 

Young also conducted a BEM analysis to predict the 

hydrodynamic damping effect for unsteady behavior in the 

wake field. Additionally, Motley et al. (2009) and Blasques 

et al. (2010) studied optimum ply lamination for improving 

propulsion performance. 

In this paper, the BEM/FEM-based FSI steady and unsteady 

algorithm for flexible marine propellers is validated by 

comparison with former studies. In addition, the simple 

composite ply-stacking FE model is proposed, which is a 

practical application for modeling composite blades with 

complex internal lay-up and core shape. This simple FE 

model is also validated with a real FE model. After 

validation, a numerical investigation of the composite 

propeller with KP458 geometry at design and off-design 

conditions is carried out. 

 

2. FORMULATION 

The flow around the propeller, structural deformation of the 

blade and correlation of the interface are formulated to 

perform the hydro-elastic analysis for the performance 

prediction of a composite propeller. The propeller is 

assumed to be in incompressible, inviscid and irrotational 



flow. Therefore, the perturbed velocity potential, ϕ, satisfies 

the Laplace equation and the pressure acting on the blade 

surface can be obtained by using velocity potential derived 

from the boundary element method (BEM). 

The governing equation of solid deformation can be 

represented as follows: 

 
  s s s STM d C d K d F  (1) 

where , ,  and  are mass, damping, stiffness 

matrices and load acting on the blade, respectively. The 

values of the mass, damping and stiffness in the validation 

were obtained from published experimental results. And ,

and are nodal acceleration, velocity, and displacement 

vectors, respectively. The total load force  consists of 

the hydrodynamic pressure on the blade surface ( ), 

rotational body forces ( : Coriolis force and : 

centrifugal force) and coupling component ( ).  
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According to Young (2008), because the amount of blade 

deformation is not small enough to assume linear, a two-

way iterative coupling FSI analysis that includes a structural 

nonlinear analysis must be introduced. To analyze strictly 

the elastic vibration response due to the changing flow field 

in a ship’s wake, the acoustic fluid medium finite element 

model is adapted to consider this ‘fluttering’ effect. The 

equation of fluid pressure that considers the coupling term 

of the boundary between the fluid and the structure interface 

is as follows: 

 
0   f f f fsM p C p K p S d  (3) 

where fM , fC , fK and fsS  are hydrodynamic added mass, 

hydrodynamic damping, hydrodynamic spring and coupling 

matrix, respectively. And p  is fluid node pressure vector 

and d is displacement vector on the fluid-structure 

interface. The equation (4) can be represented by (1) and 

(2). From equation (3) and (4), the system equation for the 

FSI problem can be expressed as an equation (5). 
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3. HYDRO-ELASTIC ANALYSIS METHODOLOGY 

Based on the developed mathematical model, the steady and 

unsteady FSI analysis algorithm was implemented. 

The fundamental FSI algorithm structure is shown in Figure 

1. The hydro-elastic analysis code includes the BEM panel 

code, an implicit FEM solver (Abaqus Standard) and a 2-

way iterative interface. The rotational forces such as the 

Coriolis and the centrifugal forces, and the hydrodynamic 

damping effects of the unsteady condition, such as added 

mass, are calculated by Abaqus. 

 
Figure 1: Schematic diagram of a propeller blade FSI 

 

The deformation of a composite propeller blade depends not 

only upon the loads acting on the blade surface, but also the 

properties of the composite material, the ply stacking 

sequence, the lamination orientation, etc. Therefore, to 

predict the initial blade geometry, the reverse engineering 

process is required in the design of the blade. Figure 2 

represents the reverse engineering algorithm for the initial 

design of the blade. 

For more accurate performance prediction and structural 

assessment of the composite propeller, a time domain-based 

FSI analysis accounting for the blade position in the ship-

wake field is required. Rotating blades in non-uniform 

inflow have a dynamic vibration behavior called 

‘fluttering’. This ‘fluttering’ is caused by blade deformation 

in response to pressure load changes over time. Due to the 
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density of the water, a marine propeller cannot disregard the 

damping effect of the added mass on the blade surface 

which vibrates in the ship’s wake, unlike an aviation 

propeller or wind turbine blade. 

 

Figure 2: Reverse engineering algorithm for the initial 

design of the blade 

 

Thus, the hydrodynamic damping effects of the added mass 

must be considered by applying the acoustic medium 

around the propeller blades. The developed 2-way iterative 

coupling FSI algorithm for a composite material propeller is 

shown in Figure 3. 

To validate the proposed static FSI analysis methodology, a 

comparative analysis is performed with Young’s (2008) 

experimental and analytical results for the P5479 propeller, 

a six-bladed, 610-mm diameter carbon-fiber reinforced-

plastic propeller that was manufactured at A.I.R. Fertigung-

Technologie, GmbH in Hohen Luckow, Germany. The FSI 

analyses are conducted for two RPM operating conditions: 

909 and 454 RPM. The analysis results are compared to a 

test at the Naval Surface Warfare Center, Carderock 

Division (NSWCCD) and to Young’s (2008) calculations 

with the advance ratio (J) of 0.5~0.9. Figure 4 shows that 

the results of the present study and Young’s (2008) analysis 

agreed with the full-scale model test. The accuracy of the 

present algorithm is sufficient, as shown in Figure 4. 

 

Figure 3: Transient FSI algorithm for a composite propeller 

 

The propeller used in this analysis is a P5475 propeller, 

which deforms in actual conditions substantially enough to 

validate the analysis algorithm, the laser Doppler 

velocimetry (LDV) measured result of the pitch 

deformation published in Chen et al. (2006), and the 

presented unsteady transient FSI algorithm. A wake screen 

is adapted to simulate the 4-cycle wake flow in order to 

measure the hydro-elastic behavior in the unsteady flow 

field at NSWCCD, and the 4-cycle wake flow condition is 

applied to the FSI analysis. The mean velocity of the tunnel 

inflow was 5.03 m/s, and velocity distribution measured by 

LDV is indicated by the red dotted line in Figure 5. The 

wake applied in this study is indicated by the blue line, and 

this applied wake had only minor differences from the 

measured velocity. The pitch variations were measured by 

video cameras at two points: 10° and 55°. The propeller 

rotation was 750 RPM, and the measured difference of the 

pitch angle at the blade tip between the deformed and 

undeformed shapes (according to blade position) is 

represented by the red squares in Figure 6. Additionally, the 

calculated results are plotted from Chen et al. (2006), which 

used the VLM–FEM FSI method, and from the BEM–FEM 

FSI method of this study under identical conditions. 



 
(a) RPM = 909 

 
(b) RPM = 454 

Figure 4: Comparison of the model test and the BEM-FEM 

FSI prediction for the P5479 propeller 

 

 

Figure 5: Inflow measured by LDV (NSWCCD) and 

applied to the FSI analysis 

 

Figure 6: Pitch change for P5475 (measured, predicted by 

Chen et al. and predicted by the present study) 

 

Considering that the purpose of the unsteady FSI analysis of 

a marine propeller in a wake field is to accurately predict 

the performance and structural safety, the proposed 

unsteady transient analysis can provide a more accurate and 

realistic prediction for deformed geometries and variations. 

 

4. PLY STACK FINITE-ELEMET (FE) MODEL 

A marine propeller blade has complex 3D geometry made 

up of a combination of various design parameter 

distributions: pitch, skew, rake, chord length, thickness and 

camber. It takes a lot of time and effort to model the blade 

structure due to the ply sheet morphology itself. On the 

other hand, the homogeneous isotropic assumption had been 

applied to simplify the complex structure. However, it is 

difficult to accurately assess the performance and safety 

with the homogeneous model. Thus, the simple analysis 

methodology which considers the ply lamination effect is 

required. In this study, the simple FE model is introduced 

with the blade structure having fixed element numbers in 40 

ⅹ40 ⅹ 4 to the direction of chord, span and thickness. The 

simple structure elements reflect properties of composite 

ply sheets in the direction of the thickness of the element. 

The continuum shell element of Abaqus (SC8R) is applied 

to the present simple model. 

Prior to the application of propeller blades, a tapered beam 

model is used to verify the utility of the simple FE model by 

comparison with the FE model that reflects the real lay-up 

of composite plies. The differences in structural model are 

shown in Figure 7. A single material, without distinction of 

core and skin, is applied to the ply, and the ply drops space 

in the real FE model was filled with resin. 

            
(a)                                        (b) 

Figure 7: The comparison of a material beam between (a) 

the real FE model and (b) simple ply stack model 



A ply stack angle is applied to two layers per composite 

sheet with a [0o/60o/-60o/90o] sequence. The thickness of the 

beam root is 18 mm and the tapered angle of the beam is 

11.3o. The load condition is 10 MPa uniform pressure acting 

on the upper side. The material properties of the applied 

composite ply are E1 = 131,600 MPa, E2 = 8,200 MPa, ν = 

0.281 and G = 4,500 MPa. Those of the epoxy which is 

filled in the resin pockets are E = 3,900 MPa, ν = 0.35. 

The difference between the real FE model and the simple 

FE model is 1% for the von Mises stress (422 MPa and 427 

MPa), 3% for the displacement at the tip (0.29 mm and 0.30 

mm) and 23% (0.43 and 0.33) for the Tsai-Hill failure index 

in which exceeding 1 indicates failure. This difference in 

the Tsai-Hill failure index can be due to the existence of the 

resin pocket. Although the difference of the failure index is 

not small, the simple model is still useful for hydro-elastic 

analysis of composite marine propellers because the 

deformation difference is insignificant and is within the 

error range of the hydrodynamic analysis. 
 

 
Figure 8: Comparison of the structural analysis between the 

real FE model and simple-stack model 

 

5. HYDRO-ELASTIC ASPECTS OF COMPOSITE MARINE 

PROPELLER 

The confirmation of the difference in flexible deformation 

behavior according to ply stack pattern is carried out with 

the application of the present simple FE model to the 

composite propeller blade. The target is a well known 

benchmark propeller KP458 for KRISO VLCC (KVLCC2). 

The design and off-design operating conditions are shown 

in Table 2.  

The CFRP material of E1 = 117 GPa and E2 = 7.8 GPa for 

both core and skin is applied to the ply lamination of 

propeller KP458. Ply stacking parameters are defined as 

‘ply stack angle (θ)’ and ‘orientation angle (α)’. Ply stack 

angle refers to the angle between each ply when laminated 

with combination ply and it can be represented as [±θ1 / ±θ2 

/ ∙∙∙ / 0], which is a combination of ply sheet angle +θ1, -θ1, 

+θ2, -θ2, ∙∙∙, 0. Orientation angle refers to the amount of 

rotation of this composite sheet relative to a propeller center 

line: a line connecting the midpoints of each mean-line. 

Table 1: Geometry of propeller KP458 

r / R P / D xm / D 
Skew 

(deg) 
C / D f0 / C t0 / D 

0.16 0.5765 0.0000 -2.53 0.1515 0.0313 0.0468 

0.25 0.6130 0.0000 -4.00 0.1772 0.0349 0.0422 

0.30 0.6310 0.0000 -4.40 0.1892 0.0356 0.0385 

0.40 0.6630 0.0000 -4.40 0.2093 0.0338 0.0320 

0.50 0.6915 0.0000 -3.15 0.2247 0.0293 0.0260 

0.60 0.7120 0.0000 -0.82 0.2335 0.0250 0.0206 

0.70 0.7212 0.0000 2.49 0.2338 0.0219 0.0156 

0.80 0.7160 0.0000 6.35 0.2192 0.0198 0.0111 

0.90 0.6927 0.0000 10.76 0.1808 0.0161 0.0070 

0.95 0.6748 0.0000 13.15 0.1422 0.0128 0.0047 

1.00 0.6510 0.0000 16.75 0.0000 0.0000 0.0032 

 

Table 2: Operation conditions of KVLCC2 

 Design  Off-design  

Ship speed (knots) 16.73 12.50 

RPM 78.00 58.22 

Ship wake (ws) 0.344 0.349 

 

 
Figure 8: Axial inflow velocity of propeller KP458 at 

propeller plane 

 

To investigate the hydro-elastic behavior due to ply 

lamination lay-up, three ply stack angle sequences are 

compared by varying orientation angles at off-design 

conditions. Initial blade geometries for each ply stack angle 

and orientation angle combination are redefined by the 

reverse engineering algorithm (Figure 2) in order to have 

the same geometry and performance at design conditions. 

The applied ply stack angle sequences are [±60o / 0o], [±30o 
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/ 0o], [±15o / 0o] and orientation angles are from -36o to 24o. 

The composite sheet with ply angle [±60o / 0o] has an 

isotropic-like (quasi-isotropic) material property and [±30o / 

0o] and [±15o / 0o] have in-plane orthotropic material 

property. It can be expected that the orthogonality of 

structural properties would be enhanced and the bend-twist 

behavior would be changed when the ply angle changes 

from 60o to 15o. 

The inflow condition is shown in Figure 8 as well as the 

effective wake incoming to the propeller plane, which is 

predicted with measured nominal wake by Huang’s method 

(1980). 

Since the initial geometries of each ply lamination 

combination are different and have the same geometry at 

design conditions, the geometry and performance at off-

design conditions would change entirely. If it is possible to 

assume that propeller thrust and effective wake for each ply 

lamination combination are the same at identical ship speed 

conditions, the comparison of open water efficiency can be 

performed by using the thrust identity method: finding RPM 

that has the same thrust as that of the rigid propeller.  

 

 

Figure 9: Comparison of efficiency according to the 

combination of ply stack angles and orientation angles at 

off-design condition 

 

Also are shown in Figure 9, open water efficiencies varying 

according to a combination of ply stack angles and 

orientation angles at off-design conditions. The range of 

efficiency variation is enlarged as structural orthogonality is 

increased. Ply sequence [±60o / 0o] is expected to have 

0.5~1% efficiency gain for the whole orientation angle, and 

[±15o / 0o] is expected to a 3% efficiency gain for an 

orientation angle of around 30o. 

 

6. CONCLUSIONS AND FUTURE WORK 

In this study, a BEM/FEM-based FSI analysis algorithm for 

a composite marine propeller with a simple ply stack model 

is designed for practical use in performance estimation and 

structural analysis. 

A summary of the key properties and findings of this 

methodology is as follows: 

 

1.  The BEM/FEM-based FSI algorithm is proposed for the 

hydro-elastic analysis and design of a composite marine 

propeller because of its computational efficiency and 

accuracy. 

2. BEM panel code is used for flow analysis, and a 

commercial implicit FEA solver (Abaqus 6.12 Standard) is 

used to determine the structural behavior, including the 

hydrodynamic added mass. In addition, an interface code is 

devised to link the fluid and structure solver. 

3. A finite element model of acoustic fluid medium is 

introduced in order to consider hydrodynamic damping 

effects such as the added mass due to blade vibration in 

water. A system of equations that capture the pressure on 

the blade surface and the structural deformation of the blade 

are composed to solve for the hydrodynamic response. 

4.  The analyses for orthotropic homogeneous material 

elastomer propellers are compared with the disclosed test 

and results of analyses from previous studies. The accuracy 

of the present methodology is evaluated through 

comparisons with the steady and unsteady FSI analysis. 

5.  For a more elaborate analysis of the composite marine 

propeller, a simple ply stack methodology is proposed. This 

method is adapted to a 3D continuum shell element of the 

tapered beam structure model which modeled the propeller 

blade. The applicability of the simple ply stack method is 

confirmed by a comparison with the solid FE model which 

reflects the real lamination structure. 

7. An analysis of the hydro-elastic behavior differences for 

various ply lamination cases is performed for the CFRP ply 

structure of the target propeller, KP458 of KRISO VLCC. 

8. The applicability of the reverse engineering methodology 

is confirmed by using the steady FSI algorithm to estimate 

the initial geometry. 

9. Opportunities to improve the propulsion performance 

during off-design operating conditions are identified by 

adapting the composite material of the marine propeller. 
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DISCUSSION 

Question from Eckhard Praefke 

While the potential benefits of flexible propellers are 

well known and easily comprehensible, I would like to 

know more about the composite material’s resistance 

against cavitation. I am asking because I have seen several 

composite propellers suffering from cavitation erosion or 

even delamination already after the first sea trials. So my 

question refer to the progress made in this regard (gelcoat). 

Authors’ Closure 

Thank you for your comment about potential problems 

of composite material marine propellers. I fully agree with 

you that there are worrisome about cavitation erosion and 

ply delamination problem because of its material 

characteristics, even though flexible composite propeller 

reduces cavitation volume and retards cavitation inception. 

Even though this study is focused on the hydro-elastic 

behavior of the flexible propeller, the application of coating 

materials having enough cavitation erosion resistance and 

(sea) water proof ability is required to successful 

development of the composite propeller. Thank you again 

for your discussion. 

 

 


