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ABSTRACT

Flexible composite propellers can improve propulsive ef-
ficiency over a range of operating conditions and reduce
underwater radiated noise through load-induced deforma-
tions. Propeller deformation depends on both the propeller
geometry and material properties. Tip unloading is desired
to prevent cavitation when passing through the wake peak.
This study investigates the influence of propeller skew and
orthotropic material properties on deformation and hydro-
dynamic performance.

Unsteady RANS simulations are coupled to a structural
model of the propeller using a two-way FSI coupling, to ob-
tain the defromed propeller geometry under different oper-
ating conditions. The deformed propeller geometry is com-
pared to the initial unloaded geometry to evaluate changes
in geometric parameters. Composite materials can be rep-
resented by orthotropic material properties, where each or-
thogonal direction has a specific stiffness. This study inves-
tigates the influence of orthotropic material properties on
the deformation of propeller blades under hydrodynamic
loading, using variations of a Wageningen C4-40 propeller.
Skew has been found to influence not only the pitch but
also the camber deformation. This camber deformation has
a substantial influence on the resulting thrust force. The
orientation of material properties has also been found to
affect both pitch and camber to a magnitude similar to that
observed when changing propeller skew.

This study provides insight into the relative importance of
material and geometric properties for the optimization of
flexible marine propellers. This provides focus for opti-
mization studies by identifying where design efforts offer
the greatest impact on propeller performance.
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1 INTRODUCTION
The performance of flexible marine propellers depends on
multiple geometric and material parameters that influence

deformation under hydrodynamic loading. Propeller per-
formance is strongly related to propeller pitch. For flexible
propellers, twisting changes the pitch of the propeller. This
twisting is influenced by the center of pressure and the lo-
cation of the neutral axis. These are both influenced by
propeller skew, and the neutral axis is influenced by the
material properties.

Previous research on composite propellers has primarily fo-
cused on the effects of fiber orientation and stacking se-
quence.

The question answered in this research is about the relative
importance of geometric properties and orthotropic mate-
rial properties and orientation.

This study provides guidance on the effect of skew and or-
thotropic material properties and orientation.

The first section explains the simulation setup, the second
and third sections are respectively dedicated to the geomet-
ric variation of skew and the influence of orthotropic mate-
rial properties.

2 SIMULATION SETUP

The simulations are performed for small-scale propellers
to mimic operating conditions in a cavitation tunnel. The
propeller simulations are performed in fresh water with a
density of p = 998[kg/m?] and a kinematic viscosity of
Vyater = 1.004008¢ — 6m> /s. The rotational speed is kept
constant at 700[RP M| while the advance velocity of uni-
form inflow is varied from 0 — 3.57[m/s], to obtain a range
of advance ratios between 0 and 0.9, with intervals of 0.1.
The K-Omega SST turbulence model is used to model the
effect of fully turbulent flow over the propeller.

The simulations are performed on variations of a flexi-
ble C4-40 propeller geometry, with various skew distribu-
tions, of which some geometries are shown in
The original propeller has an effective rigid P/D = 0.8.
Therefore, the thrust will be negative at the highest ad-
vance ratios. The simulated geometry has a scale of
D = 340[mm]|. The propeller has a density of p =
1410[kg/m?], Young’s modulus of E = 3[GPa), and a
Poisson’s ratio of vgtpycture = 0.43. These properties are
selected to match an experimental setup. The density does
not influence the simulation results because the simulations



converge to steady-state conditions.

The cylindrical domain has a diameter of 10 times the pro-
peller diameter and a total height of 10 propeller diameters,
with the propeller located at the center of the domain. Wall
refinement is used with a target y+ of 0.5. The total num-
ber of cells is approximately 5.2 million, depending on the
geometry.

The FSI simulations are initialized from the results of rigid
simulations at the same operating conditions. 30 Rotations
are simulated over 1080 timesteps. One timestep corre-
sponds to a propeller rotation of 10[°]. This duration is
sufficient to develop the wake and converge to steady loads
(1.

The structural properties of the propellers are evaluated us-
ing modal analysis in code_Aster [2] to obtain a mass and
stiffness matrix. The hydrodynamic loads are applied to
the deformed structure such that pressure forces act normal
to the propeller surface. The blades have a fixed boundary
condition at the hub.

3 SKEW VARIATION

The performance of a propeller depends on the radial load-
ing distribution of the blades. This loading is largely deter-
mined by the pitch. As the propeller blades deform under
loading, changes in pitch distribution can be used to modify
the propeller loading. Skew can be used to influence the de-
formation of propeller blades, because skew can move the
center of pressure away from the directrix. Therefore, skew
can induce a twisting moment in the propeller blade. This
moment can be used to reduce the pitch of the propeller,
specifically in the tip region.

Propellers with various skew distributions are simulated.
These different geometries are all based on the C4-40 pro-
peller, where only the skew distribution and amplitude are
modified. Because skew induces rake, the generator rake is
set to zero for all geometries. This ensures the blades are
all operating in the same plane. The geometric parameters
are defined using definitions from Carlton [3].

The unmodified C4-40 propeller has a balanced skew dis-
tribution. This is referred to as skew 1. Other geometries
use scaled variations of this same skew distribution, where
skew 0.5 refers to half the total skew amplitude. Biased
skew can also be used to move the center of pressure even
further from the directrix. The effect of biased skew is also
investigated using linear skew distributions. This linearly
increasing biased skew is referred to as linear skew. The bi-
ased skew is always positive and scaled such that the skew
amplitude is the same as the amplitude used in the balanced
skew geometries.
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Figure 1: Radial skew distributions of rigid geometries

The material stiffness determines the amplitude of defor-
mations, this can also influence the type of deformations
[L]. All simulations for the skew variation study use
isotropic material properties with a Young’s modulus of
E = 3[GPa] and a Poisson’s ratio of Vstrycture = 0.43.
This is representative of the material properties of the
POM-C polymer material.

(b) C4-40 propeller(skew 1)

(a) Skew 0

(c) Skew 1.5 (d) Biased skew 1.5

Figure 2: Propeller skew variation. Only a selection of 4 out
of 7 propeller geometries is presented in this figure.

3.1 Open water performance

The performance of the flexible propellers is expressed in
open water diagrams. Two separate open water diagrams
show the performance for balanced and linear skew. The
results for the propeller without skew are presented in both
figures. For both skew distributions, increasing skew re-
sults in a reduction in thrust at low advance ratios. The



reduction in thrust is largest for the balanced skew distribu-
tions. At an advance ratio of J = 0.2, the thrust for linear
skew 1.5 and skew 1.5 is respectively only 56% and 49%
compared to the geometry without camber.

The peak efficiency for all propellers is found at J = 0.6.
The area of the efficiency curves is larger for the The de-
formations at J = 0.3, 0.6 is compared as these are

Blade unloading at lower advance ratios is a desirable ef-
fect for flexible propellers. This is representative for when
a blade passes through the wake of a ship and the axial
inflow is reduced, assuming the shape adaptation is quasi-
steady as is suggested by Maljaars [4]]. This can therefore
be used to make the loading more uniform when operating
a propeller in a non-uniform wakefield

Both open water diagrams show a reduction in thrust and
torque for geometries with more skew. This results in an
increased envelope of the efficiency curve. The balanced
skew distributions show the largest increase in the effi-
ciency envelope when comparing to the geometry without
skew. This indicates that balanced skew with the original
skew distribution performs best and is most effective in un-
loading the blades at low advance ratios. The larger skew
amplitudes show the largest increase in efficiency at lower
advance ratios. This also shifts the optimum working point
to lower advance ratios.
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Figure 3: Open water diagram of flexible propellers with
scaled balanced skew distribution
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Figure 4: Open water diagram of flexible propellers with
scaled linear skew distribution

3.2 Uneven blade loading

For the geometry without skew, there is a sudden jump be-
low J = 0.2 where both the thrust and torque are reduced.
shows the total thrust force changes after timestep
200. This is due to blade-vortex interactions, which result
in bifurcation of the operating mode. The mode switches
from all blades being equally loaded to a stable two-fold ro-
tationally symmetric operating mode where there is uneven
loading with opposite pairs of blades being equally loaded.
This operational mode is found at two conditions with the
lowest advance ratios, where the tip vortex of a blade im-
pinges on the preceding blade. This operating mode is un-
wanted as it might cause cavitation on the heavily loaded
blades.
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Figure 5: Thrust force development for skew 0 operating at
J=0.

This blade-vortex interaction most strongly occurs at lower
advance ratios because the tip vortex spacing becomes
smaller at lower advance ratios. The uneven blade load-
ing was only found for the geometry without skew. This
is the most heavily loaded case with the largest blade de-
formations. even shows that the tip vortex of the
heavily loaded blades is in front of the preceding lightly
loaded blade. This effect is undesirable because it might
cause vibrations.



Figure 6: Skew 0 propeller operating at J = 0. The vortices
are visualized using the Q-criterion in blue.

3.3 Propeller deformations

The cause for the reduced thrust at lower advance ratios is
investigated by looking at the blade deformations. Visu-
ally, the largest deflection occurs at the tip, and the deflec-
tion amplitude is similar for geometries with different skew
distributions. This is because rake is the most prevalent de-
formation.

The radial blade parameters are plotted, including the ini-
tial undeformed geometry. This is referred to as the rigid
geometry. When plotting the blade parameters, clear dif-
ferences in rake, pitch, and camber are observed.

The rake deformation is largest at low advance ratios be-
cause the loading in these conditions is largest. The rake
deformation of the geometries with skew 1.5 and linear
skew 1.5 are of the same order of magnitude. The rake de-
flection is noticeably larger for the geometry without skew.
This is a result of the larger loading.

(a) Skew 0

(b) Skew 1.5

(c) C4-40 propeller(skew 1)

Figure 7: The undeformed geometry is presented in gray. Pro-
peller deformations for J = 0.6 is presented in the dark color
and J = 0.3 is presented in the light color.
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Figure 8: Rake deformations of 3 different geometries at two
advance ratios

Rake is not a determining parameter for propeller thrust, it
is a result of large thrust. Changes in the pitch and camber
distributions can explain the increase in thrust and the re-
sulting rake deflections.

The pitch distribution for the geometry without skew is al-
most unchanged when operating at the optimum working
point of J = 0.6, therefore, the blade is not twisting when
operating in this condition. When the geometry without
skew is operating at J = 0.6, an increase in pitch is ob-
served, specifically at the tip. This twisting behavior is un-
desirable and might also explain the uneven blade loading.



The increased pitch at the tip will result in a strong tip vor-
tex being shed, which can result in a stronger interaction
with the preceding blade.

The pitch for skewed propellers is reduced, specifically at
larger radii. This indicates that applying skew is an effec-
tive method for reducing the propeller pitch, particularly
at the tip. This changes the radial loading distribution and
helps to unload the propeller tip. The reduction in pitch at
the tip is largest for the geometry with biased skew. This
is unexpected because the biased skew geometries are sup-
posed to attain a larger twisting moment at the blade root.
This indicates that the distribution of skew can also influ-
ence the twisting behavior, where linear skew is less effec-
tive at de-pitching the propeller tip.
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Figure 9: Pitch deformations of 3 different geometries at two
advance ratios

Next to pitch, the camber distribution also contributes to
the loading distribution. The geometry without skew in-
creases the camber most strongly at every radial station.
The linear biased skew distributions also show an increase
in camber. The skew 1.5 camber distribution is decreased
at radii between % = [0.6,0.9].
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Figure 10: Camber deformation amplitudes of 3 different ge-
ometries at two advance ratios.

From these deformation parameters, it can be concluded
that applying skew is an effective method of reducing the
propeller pitch when operating at lower advance ratios.

Skew is therefore a desirable feature for flexible propellers.
The balanced skew geometries provide the best perfor-
mance and result in a reduction of pitch and camber. Bal-
anced skew provides passive tip unloading while increas-
ing efficiency over a wider operating range, compared to
geometries with less skew.

4 ORTHOTROPIC MATERIAL VARIATION

The orientation of anisotropic material properties can be
used to influence the propeller deformation under loading.
The influence of these material properties is simulated with
the C4-40 propeller (skew 1), using orthotropic materials
with different orientations. The stiffened direction has a
ratio of 4 compared to the non-stiffened directions. This
mimics a machined unidirectional composite material. The
stiffest direction (E') is oriented in the propeller plane at
angles of theta,, = [—45, 0,45, 90]. The perpendicular in-
plane (E7) and the out-of-plane (F ) directions have the
same stiffness.

Figure 11: Face side of the propeller indicates the material
orientation where 0,, is indicated positive in the represented
orientation.

The stiffness level in different directions is determined
using a ratio where the quadratic mean is kept at
Equadratic mean = 3|GPa). This makes the comparison
of different material stiffness ratios closer in deformation
amplitude. The results are compared to an isotropic case.

EL2 + E'T2 + EN2
Equadratic mean — \/ 3 (1)

Simulations are performed for the same range of operat-
ing conditions as used for the skew variation. The density
of the material is pstructure = 1700[kg/m3]. This is to
be closer to the density of realistic composite materials but
does not influence the simulation results. The Poisson’s ra-
tio of the material is defined as Vstrycture,ij = 0.3. The
shear modulus is determined using the elastic modulus re-
lationship G;; = 2(%;]) This is exact for isotropic ma-
terials but an approximation for orthotropic materials.

The open water diagram indicates a thrust reduction at
lower advance ratios for the material orientation of 6,,, =
45[°]. This is a similar effect as observed when the skew is
increased. For 6,,, = —45[°], there is some erratic behavior
at lower advance ratios. This is due to bifurcation of the
operating mode.
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Figure 12: Open water diagram of flexible C4-40 propellers
with different orthotropic material orientations.

The pitch is strongly influenced by the material orientation.
This indicates that the material orientation can be used to
move the shear center. 6, = 45[°] is the best perform-
ing orientation because this shows the largest reduction in
pitch. 6,,, = —45[°] is the worst orientation because it even
shows an increase in pitch. 6, = 90[°] is the most flexible
orientation. Therefore, there are only results at the highest
advance ratios, when the propeller is lightly loaded .

The deformations are largest for the cases at lower advance
ratios because these cases are more heavily loaded.

The range of pitch deformations for different material ori-
entations is about the same as the range previously found
for different skew distributions. From this, it is concluded
that both the geometry and the material orientation are ef-
fective in influencing the deformation of flexible propellers.
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Figure 13: Pitch deformations of the C4-40 propeller with 4
different orthotropic material orientations, at three advance
ratios.

For all material orientations, the camber increases as the
propeller deforms under loading. This is undesirable as it
increases the thrust.
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Figure 14: Camber deformations of the C4-40 propeller with
4 different orthotropic material orientations, at three advance
ratios.

The deformations found for different material properties
are all for the original C4-40 propeller geometry. If the
geometry is changed, the effect of the material orientation
can also change however, the influence is expected to re-
main the same because the influence is determined by the
shifting of the shear center. Both the propeller geometry
and the material orientation should be considered when de-
signing flexible propellers.

ACKNOWLEDGEMENTS
This work has been performed within the Ecoprop project,
funded by NWO with partners from industry.

REFERENCES

L. Lagendijk, “Simulation workflow for flexible ma-
rine propellers,” in Proceedings of the 26th Numer-
ical Towing Tank Symposium (L. Lagendijk, ed.),
(Miilheim/Ruhr, Germany), 2024.

E. de France, “Finite element code_aster, analysis of struc-
tures and thermomechanics for studies and research.”
Open source on www.code-aster.org, 1989-2017.

J. Carlton, “Chapter 3 - propeller geometry,” in Marine
Propellers and Propulsion (Third Edition) (J. Carlton,
ed.), pp. 19-46, Oxford: Butterworth-Heinemann, third
edition ed., 2012.

P. Maljaars, Hydro-elastic analysis of flexible marine pro-
pellers. PhD thesis, TU Delft, 2019.



